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Abstract

The good functioning of aquatic ecosystems is essential for providing diverse ecosystem
services that benefit humans. The degradation of ecosystem health due to continuous stress-
ors, such as climate change or water pollution, is leading to an increase in human health
risks and well-being. Indicators have been developed to determine human health risks from
recreational and drinking water. Still, a general application to aquatic ecosystems linking
ecosystem health and human health risks has not been done. We here reviewed indicators
and indices applied to assess the health of aquatic ecosystems and their links with human
health risk and well-being. We evaluated the extent to which indicators can witness a risk
to human health and well-being. A total of 245 articles were reviewed, consisting of 185
on the assessment of aquatic ecosystem health and 60 linking ecosystem health and human
health or well-being. Out of the 65 indices described, we evaluated the use of several
parameters and their relevance to evaluate human health risks, including physico-chemi-
cal parameters, bioindicators, contaminants, and pathogens, therefore covering the various
sources of ecosystem disturbance. Based on our assessment, we propose a set of indicators
that would allow for the inclusion of risks for human health and well-being in the assess-
ment of ecosystem health (e.g. coliforms, algae, pH, nutrients, chemical compounds, and
ecosystem services). Measuring these parameters should be incorporated into future stud-
ies to allow an understanding of the linkage of ecosystem and human health.

Keywords Aquatic freshwater ecosystems - Health assessment - Health indicators - Human
health
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Introduction

Humanity is an integral part of the global life-support system. This system provides many
different resources and services, named ecosystem services, without which the existence
of any life would be impossible. Ecosystem services represent all outputs or processes pro-
vided by an ecosystem that directly or indirectly benefit humans, most prominently clean
air and drinking water (Millenium Ecosystem Assessment 2005). They are classified into
four categories: provisioning, regulating, supporting, and cultural ecosystem services.
These ecosystem services depend on the good functioning of ecosystems, which in turn
is the result of the rich interactions between species, as well as between species and their
environments. Simply said, ecosystem functioning and the resulting ecosystem services
depend primarily on biodiversity (Hooper et al. 2005; Le Provost et al. 2023). The differ-
ent health concepts EcoHealth, OneHealth, and Planetary Health (Lerner and Berg 2017),
all suggest that biodiversity loss will lead to a degradation in ecosystem services which in
turn will lead to increased health risks for humans, livestock, and wildlife (Schmeller et al.
2020).

Pressures on ecosystems from stressors such as chemical pollution, habitat destruction,
climate change, and introduced harmful species have constantly increased over the past
decades. The series of Scientists’ Warnings all outline the consequences of those pres-
sures on the global life-support system (Cavicchioli et al. 2019; Ripple et al. 2017; 2021;
Schmeller et al. 2022). Some studies reported on the effects of water pollution on human
health and well-being. One such study, assessing the health of people living close to a pol-
luted river in Bangladesh, demonstrated that water pollution incurs skin disease, diarrhea,
gastric problems, and respiratory illness (Halder and Islam 2015). As the last decades have
seen ever-increasing water contamination and pollution, even in remote areas (Machate
et al. 2022, 2023), the degradation of water quality and aquatic ecosystems has become
a threat to human society. These degradations can have severe impacts on ecosystems,
including lower resilience to dealing with pressures and stresses, as well as increased loss
of biodiversity. Above a certain threshold, ecosystem functioning and the resulting eco-
system services will lose the capacity to support human society (Reader et al. 2023). The
ecosystem then has entered an unhealthy state with numerous direct and indirect impacts
on the human nervous, respiratory, digestive, and other systems of the human body, lead-
ing to the degradation of human well-being and health (Cairns 1995). These impacts also
have the potential to reduce not only the physical but also the mental health of humans
(Fig. 1). The manifold health consequences, particularly disruption of social interactions
and cohesion, emergence of infectious diseases and disease vectors, as well as intoxication
events, have been widely studied to understand the evolution of the quality of life in human
societies (e.g. Martinez-Juarez et al. 2015; Summers et al. 2012; Sandifer et al. 2015; Karr
2011).

Despite the rich literature on the consequences of degraded or unhealthy ecosystems
for human health, there is no consensus on a final definition of ecosystem health. Defini-
tions of a healthy ecosystem range from a sustainable ecosystem, modified and impacted
by human intervention, that uses its vital functions to prosper and is resilient to stress (Cos-
tanza and Mageau 1999) to definitions revolving around human health analogies, or eco-
logical integrity (Lackey 2001; Scrimgeour and Wicklum 1996). The notion of ecosystem
health is often used as a synonym of ecological integrity, despite their obvious differences
(Karr and Chu 1995; Karr et al. 2020). Ecological integrity was described as the ability of
an ecosystem to support and maintain diverse, balanced, integrated, and adaptive biological
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Fig. 1 Impacts of the aquatic ecosystem on human health and well-being. Direct and indirect consequences
of the health of aquatic ecosystems found in the included literature were compiled. The indicators that can
be used to assess the risk of direct impacts have been listed

communities and ecological processes in a stable state, combining physical, chemical, and
biological integrity (Karr and Chu 1995). Ecological integrity is considered to be meas-
urable by comparing composition, structure, and function to natural or historic ranges of
variation (Bridgewater et al. 2014). However, in the Anthropocene, it appears to be difficult
to define a natural state or a historical reference state of an ecosystem due to the dominance
of human activities and the high degree of environmental alteration (Hansen et al. 2021).
The concept of ecosystem health does evaluate the condition of ecosystems, using diverse
indicators of habitats, species, and resources, as well as indicators of function, allowing to
assess if an ecosystem is able to retain natural functions and the capacity to deliver ecosys-
tem services (Burkhard et al. 2008). The ecosystem health concept, in a decisive difference
to ecological integrity, integrates environmental conditions with anthropogenic impacts
to inform about the sustainable use and management of natural resources. Understanding
both concepts, ecological integrity and ecosystem health, ask for a large amount of data
on abiotic and biotic variables, which are often only available on local scales, but not at
larger scales, an issue also addressed with the concepts of Essential Biodiversity Varia-
bles (Haase et al. 2018; Schmeller et al. 2018) or Essential Climate Variables (Thornton
et al. 2021). Those data needs are further exacerbated by system variability and system
complexity (Schmeller et al. 2018). For a better understanding of the state and trends of
ecosystems, independent if we want to look at ecological integrity or ecosystem health, a
common measurement approach is urgently needed. As drinking water is a particularly pre-
cious natural resource, we here focus on aquatic ecosystems.

Water is a key element and an important resource for all living organisms, as it supplies
adequate and rich environments for wildlife (Karr 2011). A plethora of parameters can be
analyzed in water that allows the assessment of the status of the aquatic ecosystem by look-
ing at species abundance, chemical composition, and water body condition (Burkhard et al.
2008). As ecosystems are spatially heterogeneous and vary over time, indicators or indi-
ces of ecosystem health need to take this variability into account. Modifications of aquatic
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ecosystems will create stress and pressure on their biodiversity and ecosystem health,
reducing at best the benefits of ecosystem services and at worst render them disservices
(Grizzetti et al. 2016; Pongsiri and Roman 2007). These changes may affect economic
activities, hydrological structures, and human well-being. As human well-being is com-
posed of four principal elements: physiological and safety needs (which are the primary
needs), economic needs including social requirements, environmental needs, and subjec-
tive happiness (Summers et al. 2012). The impacts of aquatic ecosystem degradation on
humans differ depending on social and economic groups and their dependence on aquatic
ecosystems (Horwitz and Finlayson 2011). Therefore, the link between green/blue environ-
ments and human well-being is not always obvious and depends on contextual determi-
nants such as socio-economic, demographic, and climatic factors (Martinez-Juarez et al.
2015), a notion that is corroborated by the World Bank, recommending that the assessment
of human well-being should consider the quality of life, security, health, freedom, and
social connections (Narayan et al. 2000). As there is an interdependence between econom-
ics, human health, and ecosystem health (Boischio et al. 2009; Webb et al. 2010; Jax and
Heink 2016), linking ecosystem health and human health and well-being is a complex task.

In many parts of the world, human health issues are visible, such as increasing allergies,
anxiety, depression, obesity, and immune system disorders, impacting physical and men-
tal health (Sandifer et al. 2015). Cohort studies have outlined a range of socio-economic
factors contributing to degrading human health (Stringhini et al. 2017). However, only a
few studies also take into consideration ecosystem health and environmental variations,
particularly in aquatic ecosystems. Two threats to human health are particularly related to
aquatic ecosystems, vector-borne diseases where vectors are closely linked to water bodies,
and waterborne pathogens. In 2019, about 1.4 million people died worldwide due to the
lack of safe drinking water, sanitation, and waterborne pathogens (Wolf et al. 2023). The
number of people falling ill every year due to waterborne pathogens accounts for several
million (Wolf et al. 2023). Waterborne pathogens can be present in various types of water
due to contaminated fecal matter from the discharge of contaminated wastewater and partly
from problems with water treatment (Gibson 2014). In addition, a large diversity of para-
sites can be found in aquatic ecosystems, even in ecosystems considered healthy (Adlard
et al. 2015). These parasites are sensitive to climate change such as changes in temperature,
which can influence their life cycle, transmission, geographical distribution, biodiversity,
or else their interaction with hosts.

By weakening aquatic ecosystems, humans are creating more suitable environments for
new pathogens, particularly for non-specific host pathogens (Boesch and Paul 2001; New-
man and Reantaso 2010). These pathogens create a risk for aquatic wildlife and humans
(Johnson and Paull 2011), leading to multiple ways of spreading infectious diseases. Cli-
mate change and modifications of the ecosystem increase the number of infectious diseases
and the spread of aquatic invasive species, modifying parasite load, and the transmission
rate and pathways of other aquatic pathogens (Conn 2014). Johnson showed in an experi-
ment that eutrophication of an aquatic environment increases the density of infected snail
hosts and stimulates per-snail production of the parasite Ribeiroia ondatra (Johnson et al.
2007). The Anopheles fly (Anopheles gambiae), the vector responsible for Malaria spread,
has seen its niche and number increase due to climate change, deforestation, and modifica-
tions of human behavior, leading to a change in its behavior (Grieco et al. 2006). Habi-
tat deterioration alters the communities, decreases predators, and increases invasive spe-
cies, reducing competition and increasing the competent host population (Sandifer et al.
2015). Aquatic ecosystems provide fundamental ecosystem services, such as purification
of water, regulation of eutrophication by recycling nutrients, support of food storage, and
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balancing energies. They can further play a role in the prevention of disease outbreaks,
control processes, and species, and avoid natural disasters by regulating climatic condi-
tions. The establishment of indices capable of determining the presence of waterborne
pathogens, and preventing their emergence is important for preventing health risks for eco-
systems, wildlife, and humans (Stewart et al.2008).

Aquatic ecosystems have also beneficial effects on human well-being, concerning social
life, and physical and psychological well-being (Fig. 1). In healthy ecosystems, contact
with nature may have positive impacts on physical and psychological health and can con-
tribute to improving physical health, moods, and behavior (Sandifer et al. 2015; Moore
et al. 2007). Bergou et al. (2022) showed that contact with canals and rivers is associated
with mental well-being. Additional cultural services such as the attractiveness of sceneries,
recreational activities, spiritual and moral utilities, and cultural and scientific interests are
also beneficial (Limburg 2009). The reduction of recreational activities, social and eco-
nomic isolation, psychological decline, loss of culture and environmental knowledge, and
environmental injustice can therefore impact human mental health if cultural services of
aquatic ecosystems are reduced or absent (Sandifer et al. 2015; Moore et al. 2007; Bergou
et al. 2022). Aquatic ecosystems are the focus of the European Water Framework Direc-
tive (WFD, Directive 2000/60/EC), the main law for water protection in Europe. This
directive aims to ensure that there is enough water of sufficiently good quality to support
wildlife as well as human needs. The aim is to provide an integrated approach to water
management, focusing on the integrity of aquatic ecosystems by regulating pollution and
setting regulatory standards in regard to good chemical and ecological status. The differ-
ent national water agencies are therefore monitoring aquatic environments and producing a
large amount of data, allowing to assess ecosystem status. The Water Framework Directive,
directed by the European Commission, has helped to advance a common assessment meth-
odology, but, apart from drinking water and recreational water specific indices were not
developed to assess the linkage of human health and ecosystem health.

While interest in assessing ecosystem health is growing, more work is needed to discern
a robust set of aquatic ecosystem health indicators. Therefore, in our literature review, we
provide an overview of currently available and applied biological, chemical, and physi-
cal indicators and indices that provide information on aquatic ecosystem health. We spe-
cifically aim to provide an overview of which ecosystem health indicators might be closely
linked to human health risks and human well-being. To improve knowledge on the links
between aquatic ecosystem health and human well-being, we evaluated the applicability
across environments, ease of use, and identification of the source of disruption, in currently
used aquatic ecosystem indicators and indices. We also provide an overview of available
studies linking aquatic ecosystem health to human well-being. Based on our analysis, we
recommend a set of aquatic ecosystem health indicators and indices that should be prior-
itized to improve knowledge on the link between ecosystem and human health. We here
address an important gap in the literature by summarizing the relationship between indica-
tors of aquatic ecosystem health and human health risk.

Materials and methods
Firstly, we identified articles dealing with the assessment of aquatic ecosystem health and

articles about the link between ecosystem health and human health and well-being. We
aimed to gather the main aquatic ecosystem indices used to analyze their link with human

@ Springer



728 Biodiversity and Conservation (2025) 34:723-767

health risks. The articles were searched for in Web of Science, Science Direct, Springer,
PubMed, and Google Scholar databases. Articles cited by selected articles were also ana-
lyzed and included if they were dealing with aquatic ecosystem health assessment. To find
articles about aquatic ecosystem health several keywords and combinations of them were
used (Table 1). The aim was to identify broad indices containing indicators usable in the
context of a wide variety aquatic environments. The keywords used were then selected to
provide access to the main articles dealing with and linking ecosystem health and human
health in a wide variety of aquatic ecosystems. Our review did not examine the contents of
the grey literature, which may contain important information about the implementation of
certain indicators. Examining this literature was not within the scope of our review, which
focused on the peer-reviewed scientific literature.

We yielded a total of 245 articles, published between 1963 and 2023, of those 185 arti-
cles focused on the assessment of aquatic ecosystem health, and 60 articles made the link
between ecosystem health and human health and well-being. We then extracted 65 indi-
ces that we categorized into four groups depending on what they evaluate: habitat quality,
water quality, biological communities, and/or overall ecosystem health. Indices per defi-
nition comprise several indicators, i.e. parameters measured to assess the quality or the
health of the ecosystem, such as abiotic factors (e.g. pH, temperature, oxygen concentra-
tion) and ecological components (e.g. number of species, relative proportions of taxa). For
each index, we listed the indicators that compose them and the ecosystem type to which it
has been applied. We also assessed the frequency of use of 50 headline indicators among
the 65 indices to identify the most frequently used indicators. We evaluated the applicabil-
ity of each index, using information about the types of water bodies in which the index can
be applied (lake, river, stream), the practical ease for non-experts to measure abiotic factors
and to easily identify organisms down to species level without expert training (e.g. fish,
plants). For example, some organisms like diatoms, even if they are starting to be increas-
ingly documented and used (Bere et al. 2014), as well as some species of macroinverte-
brates, may require experts to be identified. Fish may be easier to identify but are not found
in all aquatic ecosystems, and in others such as e.g. mountain lakes where fish are non-
native, they have low diversity rates (Allardi 1994; Herman and Nejadhashemi 2015) and
rather witness the degradation of an ecosystem (Mird et al. 2019). We also considered if
the index can discriminate or not the stressor(s) which can trigger an ecosystem-wide stress
response. For that, we identified 10 such stressors to aquatic ecosystems (i.e. degradation
of the water quality, variation of the pH, rise of temperature, eutrophication, increase bac-
terial load, increase solids materials, increase pollution, modification of the habitat, cyano-
bacterial bloom and anthropogenic activities and stress).

We used the 60 articles dealing with the link between human health and well-being and
ecosystem health to evaluate the link between indicators/indices, and human health dete-
rioration, defining a ‘human health deterioration score’. This score varied from O to 3. Zero
corresponded to no direct impact on human health. A value of 1 was assigned to behavio-
ral or psychological impacts via visual modification of the ecosystem or modification of
human activities. The presence of a pathogen or pollutant that could cause slight impacts
or lead to temporary illness development was categorized as deterioration score 2. The
final category, 3, corresponds to the presence of pathogens or pollutants that may cause a
chronic pathology, disruption of body function, or even mortal risk.

Based on the 12 most used indicators (e.g. diatoms, macroinvertebrates, pH, nutrients,
coliforms) we assessed from the literature if and how they vary depending on the 10 stress-
ors previously identified. We considered that there was an impact of the stressor when
there was a covariation (an increase, a decrease or change in both parameters) between
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the stressor and the ecosystem indicator or human health simultaneously over time. These
variations made it possible to assess the extent to which these indicators can witness envi-
ronmental change and be applied in the assessment of ecosystem health. The levels of
community sensitivity to disturbances have been described in the literature, and compared
between communities with a short or long-life cycle. We considered a community to be of
high sensitivity, when the literature suggested a rapid and significant change in community
composition. We assume a moderate sensitivity, where the literature suggests less rapid
and moderate changes in the community composition. In cases, for which the literature
reported slow and small changes, we classified the community sensitivity as low.

Finally, to understand the direct and indirect impacts of aquatic ecosystems on human
well-being, we compiled and categorized the potential effects of aquatic ecosystems on
human well-being.

Results

We extracted a non-exhaustive but representative list of 65 main indices applied in the
assessment of aquatic ecosystem health (Table 2). Among these indices, the majority
focused on biological communities (n=39), on water quality (n=22), and on habitat struc-
ture (n=2). The direct integration of indicators from at least two categories in one index
was rare (n=2). Only the Spatial Ecosystem Health Index and the Ecosystem Health index
directly use water quality and biological community parameters into the calculation of the
index. On average, 8.71 indicators were applied per index ranging from 1 to 39 indicators
(Fig. 2). Among biological indices, the Index of Biological Integrity (IBI, Karr 1981), was
the most cited and used one (n=11/65). Biological indices were mainly represented by dia-
tom communities (n=15) and macroinvertebrates (n=11). Studies applying a biological
index often added physicochemical indicators to estimate the overall ecosystem state. The
most frequent physicochemical indicators, among water quality indices, were Dissolved
Oxygen (DO) (n=20), pH (n=16), Biological Oxygen Demand (BOD) (n=15), Sus-
pended Solids (SS) (n=14), and ammonia (n=12) followed by 7 others (Tables 2 and 3).
Of the 65 indices, no index scored in all three categories (applicability to multiple environ-
ments, ease of application, and discrimination of sources of disruption), 53 were applicable
to multiple environments, 37 were easy to use, and 10 indices were described as being able
to discriminate between the stress factors for which the index was developed and other
ecosystems in the same geographical region. 31 indices scored in two categories, of which
21 were easy to use and applicable to different environments, 2 were applicable to multiple
environments and able to discriminate stress sources. Finally, 8 indices were easy to use
and discriminated between sources of stress that impact indicator variations (Tables 2 and
3). Most indices are specific to certain aquatic ecosystems due to the difference in the flow
regime and species diversity (Table 2). Moreover, the ease of application depends on the
cost and the facility of collection, the difficulty of identification of biological organisms,
and the complexity of the index calculation.

All indices allow different assessments of aquatic ecosystem health, however, most of
them could not evaluate directly the link between ecosystem health and human health or
well-being (n=42) based on our human health deterioration score (Table 2). Only a few
indices could identify a risk of chronic pathology, body function, or mortal risk on health
(n=5) through the analysis of the presence of pathogens or pollutants known to cause harm
to humans. The remaining indices assessed impacts on psychological well-being (n=3), or
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Number of indicators per index
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Fig.2 Distribution of the number of indicators per index

slight impacts on physical health, or development of temporary illness (n=14). These lat-
ter indices make it possible to fully or partially assess the impact of the state of the ecosys-
tem on human health and well-being (Table 2).

When investigating indicators, we found that the 12 most used physicochemical and bio-
logical indicators were able to evaluate 10 environmental stressors which comprise e.g.
bacterial load, eutrophication, and organic pollution (Table 3). The degradation and change
in water quality, anthropogenic stress, the rise of temperature, eutrophication, the increase
of pollution, and cyanobacteria bloom have strong impacts on seven physicochemical met-
rics and five bioindicators (phytoplankton, diatoms, macroinvertebrates, zooplankton, fish),
and make these parameters good indicators of environmental change. The species richness,
the diversity and the composition of these aquatic communities vary according to the pres-
ence of stressors and environmental parameters (Dey et al. 2023). For example, the dis-
tribution of zooplankton species will be most affected by temperature and electrical con-
ductivity, but also by pollution. Machate (Machate et al. 2022) demonstrated the impact of
pollution by showing that certain zooplankton species were absent or had low abundance
in the most polluted environments. In addition to zooplankton, macroinvertebrates and fish
respond strongly to degraded water quality (Marzin et al. 2012). These changes, such as
acidification, oxygen depletion or the presence of pollution, will create selection pressure
and lead to a loss of biodiversity and/or a change in the most sensitive communities.

Examining the external stressors for aquatic systems in terms of indicators of aquatic
ecosystem health revealed that six of the 10 stressors can be directly linked to human health
(Fig. 3). Those include a reduction in general water quality, which can have an impact on
the taste of drinking water, the increase of pollution and bacterial load, and cyanobacteria
bloom, which can cause fever, skin irritation, and increased cancer risks.

Human health impacts measured by aquatic ecosystem indicators included impacts on
mental, neurological, and physical health issues (Table 4).

Aquatic ecosystems can also impact human well-being regarding socio-cultural and psy-
chological effects (Table 4). Within these impacts, we can find the reduction of recreational

@ Springer
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Potential sources of stress for aquatic ecosystems

Degradation
of water Variations of Rise of Eutrophicat-
quality (pH, the pH temperature ion
DO)

Anthrop-

Cyanobact- ogenic

eria bloom activities
and stress

Modification
of the
habitat

Increase Increase
bacterial solids
load materials

Increase of
pollution

Diatoms

Macroinvertebrates

Fish

Zooplankton

Algae,
phytoplankton

Dissolved oxygen

pH

Biochemical
oxygen demand and
chemical oxygen
demand

Suspended solids
and dissolved solids

Ammonia, nitrate,
nitrite, nitrogen

Indicators of aquatic health ecosystems

Phosphate,
phosphorus,
orthophosphorus

Coliforms

m— % LA B N .

l:l Identified impacts of the different source of stress :I No impact identified in the included articles ‘ Stress that can impact human health

Fig.3 Crossing external stressors on aquatic ecosystems with their impact indicators and human health.
Orange cells indicate a proven positive or negative correlation between the sources of stress and the indi-
cator, based on the literature reviewed. Empty cells indicate an absence of information and verified direct
relationship in the reviewed literature (e.g. water temperature only has an indirect impact by changing the
visual aspect of the environment or the organisms living in it). Red arrows indicate potentially negative
impacts on human health from the changes the indicators are measuring in aquatic ecosystems (see also
Table 4)

activities, social and economic isolation, declines in psychological wellbeing, loss of cul-
ture and environmental knowledge, and environmental injustice. Other direct impacts are
related to damage to human health, such as diseases, allergies, stress, depression, obesity,
and immune disorders (Table 4). Based on our assessment, the principal indicators that can
have repercussions on human health and well-being are pollutants (e.g. potentially harmful
trace elements, microplastics), nutrients (e.g. nitrite), pathogens (e.g. coliforms, cyanotox-
ins), pathological risk, health of aquatic organisms (e.g. macroinvertebrates, diatoms), and
ecosystem services (Table 4).

Discussion

Here, we reviewed indicators and indices used in the assessment of aquatic ecosystem
health and assessed their potential to evaluate human health risks and their well-being.
We found that only a few studies approached the notion of ecosystem health in relation
to human health (Angermeier et al. 2021), despite the known diverse direct and indirect
impacts aquatic ecosystems have on human well-being. None of the studies and indices
listed in this review use or include parasites or vectors of infectious diseases in the assess-
ment of ecosystems, even though they can be sources of risk for human health. Those
impacts can involve physical, psychological, or socio-cultural elements of human health

@ Springer
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and well-being. Moreover, only a few studies, mainly in North America, have examined
the cumulative effects of various stressors on aquatic ecosystem health (Dube et al. 2006;
Crain et al. 2008). Based on our review, we suggest that an adaptation of bioindicators
(e.g. phytoplankton, macroinvertebrates), physicochemical parameters, and chemical com-
pounds already in use is needed to widen their application to the assessment of the impact
of ecosystems on human well-being.

The main indicators used in biological indices and physicochemical indices found in
the literature have been described through the few indices cited. For example, in biological
indices, indicators are mainly based on taxonomic metrics such as the richness, abundance
or taxonomic composition, or on parameters of sensitivity or tolerance to disturbance, or
the presence and ratio of native and non-native species (Birk et al. 2012, Poikane et al.
2015, Poikane et al. 2020). These parameters used in the different available indices are
largely overlapping. The main physicochemical indicators used to assess aquatic ecosys-
tems, either via an index or calculated separately, were also analyzed here.

The most suitable and pertinent bioindicators are the ones with a sensitive and fast
response to environmental modifications to evaluate the state of the ecosystem over the
long term (Adams and Greeley 2000, Roley et al. 2014). Among sensitive bioindicators,
diatoms and other phytoplankton species (e.g. cyanobacteria, Sentenac et al. 2023) appear
highly suitable, owing to their short development cycle, sensitivity to environmental con-
ditions, organic pollution, and eutrophication, and their rapid response rate (Brown et al.
2004). Monitoring cyanobacteria, indicators of ecosystem degradation (Mateo et al. 2015),
has the additional advantage, that they can also inform about the potential presence of
potentially harmful cyanotoxins (Sentenac et al. 2023). Toxins can affect humans through
oral infection, skin or inhalation during recreational activities, or ingestion of contami-
nated water or organisms. The human morbidities associated with cyanotoxins are varied
including fever, skin irritation, disruption of the gastrointestinal system, and in very rare
and severe cases increased risk of cancer (Dash et al. 2015; Christensen and Khan 2020).
Their impacts are multiple from disruptions of ecosystem services like water treatment,
recreational activities, or economic loss, to the production of hazardous toxins for animals
and humans (Mez et al. 1998; Zanchett and Oliveira-Filho 2013). However, there is a lack
of standardized methods and experts for phytoplankton identification which makes such
indices difficult to use and not always suitable. A metataxonomic approach targeting dia-
toms and cyanobacteria might be an advance, but currently available 16S and 18S primers
have limited taxonomic resolution (Sentenac et al. 2023) and call for new targeted primer
development.

Phytoplankton monitoring indicators should be supplemented by data on macroinver-
tebrates and fish. They are less sensitive to environmental changes, but easier to identify,
while time-consuming to collect (Verneaux 1994, Barbosa et al. 2001). Macroinvertebrate
and fish indices can be useful to study the long-term evolution of ecosystems and con-
stitute stable communities and are hence complementary to phytoplankton and zooplank-
ton approaches. Both species groups indicate degradation of water quality, eutrophication,
increase in bacterial load and pollution and cyanobacteria blooms, all impacting negatively
on human health.

Physico-chemical metrics are easy to use and interpret, and can easily be comparable
from different environments if there is a reference state. We identified dissolved oxygen,
pH, biochemical oxygen demand, suspended solids, and nutrients as the most useful met-
rics of aquatic ecosystem health linked to human health risks. They indicate degradation
of water quality, eutrophication, and human-induced stress, increasing the risk for human
health.
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Finally, organic and inorganic contaminants, such as pesticides and heavy metals, are
an ever-increasing health issue, even in remote areas (Machate et al. 2022, 2023). Only
eight indices in our review used data on organic and inorganic pollution. The quantita-
tive assessment of the concentrations and the presence of organic molecules and of inor-
ganic heavy metal trace elements is generally costly and many molecules are not read-
ily detectable with current sampling and analytical techniques. A broad assessment of
environmental contamination would ask for a consequent budget, while more sporadic
assessments would not allow to analyze background contamination levels. For example,
even in low concentrations of ng/l, two molecules, diazinon and permethrin, crustacean
species are affected in remote mountain lakes due to their high toxicity (Machate et al.
2022). In those lakes, the period of exposure to the pesticides and their peak concentra-
tions remain unknown and would not have been detected with sporadic sampling. A
broad environmental contaminant monitoring would be needed to allow for a robust
analysis of health risks for wildlife, animals, and humans. For the moment, there is a
lack of studies on the combined impact of organic and inorganic micropollutants on the
health of aquatic ecosystems.

Various indices have been developed to assess the health of aquatic ecosystems
over the past decades, but linking them up to human health risks has been insufficient
done. Setting up an integrative method with several indices is important. We here have
outlined that biodiversity monitoring of diatoms, cyanobacteria, macroinvertebrates
and fish, needs to be complemented by environmental monitoring of physicochemi-
cal parameters, including nutrients, organic and inorganic pollutants, and pathogens
to assess ecosystem health and resulting benefits and risks for human health (Fig. 3).
While the water framework directive (WFD, Directive 2000/60/EC) is an important
policy tool, which provided a unified set of EU-wide applicable indicators on drink-
ing water, a set of more specified indices and indicatorsfor assessing aquatic ecosystem
health, such as the one proposed here, are needed for the assessment of existing and
emerging human health risks across the European continent.
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