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Abstract: Changes and disturbances to water diversity and quality are complex and multi-scale
in space and time. Although in situ methods provide detailed point information on the condition
. L . of water bodies, they are of limited use for making area-based monitoring over time, as aquatic
This article is an open access article ) ) ]
distributed under the terms and  €COSystems are extremely dynamic. Remote sensing (RS) provides methods and data for the cost-
conditions of the Creative Commons _€ffective, comprehensive, continuous and standardised monitoring of characteristics and changes
Attribution (CC BY) license (https://  in characteristics of water diversity and water quality from local and regional scales to the scale of
creativecommons.org/licenses /by / entire continents. In order to apply and better understand RS techniques and their derived spectral

4.0/). indicators in monitoring water diversity and quality, this study defines five characteristics of water
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diversity and quality that can be monitored using RS. These are the diversity of water traits, the
diversity of water genesis, the structural diversity of water, the taxonomic diversity of water and the
functional diversity of water. It is essential to record the diversity of water traits to derive the other
four characteristics of water diversity from RS. Furthermore, traits are the only and most important
interface between in situ and RS monitoring approaches. The monitoring of these five characteristics
of water diversity and water quality using RS technologies is presented in detail and discussed using
numerous examples. Finally, current and future developments are presented to advance monitoring
using RS and the trait approach in modelling, prediction and assessment as a basis for successful
monitoring and management strategies.

Keywords: water diversity; water quality; traits; earth observation; remote sensing; water trait
diversity; water genesis diversity; water structural diversity; water taxonomic diversity; water
functional diversity

1. Introduction

The sea, inland waters and rivers are crucial to the life and survival of all individuals
and fulfil central functions in our aquatic and wider ecosystems [1]. They provide habitats
and critical niches for a wide range of species and are essential components of water, carbon
and nutrient cycles [2]. However, land use intensity (LUI), climate change, urbanisation and
tourism are leading to major changes and even the complete destruction of the ecological
functions and resilience of water bodies due to multiple interacting stress factors [3,4].
Local to global changes in the world’s freshwater ecosystems are already apparent due to
physical, chemical and biological changes [5], such as the biotic homogenisation of algae
in watersheds (i.e., the decreasing differences in taxonomic and functional characteristics
of algal communities) [6], the influence of microplastics [7,8], the effect in antibiotics [9],
the increase in browning [10] or the increase in eutrophication and excess nitrogen in
water bodies [11]. Many studies assume that the productivity of aquatic ecosystems will
increase as a result of global warming [12-15] due to increased nutrient inputs and the
intensification of internal nutrients. However, changes in stratification due to warming
can also lead to (longer) interruptions to internal nutrient cycling. It is also evident that
species respond very differently to, for example, heat stress in water bodies [16]. This
requires a well-founded differentiation of species and knowledge of phylogeny, the entire
aquatic ecosystem and its influencing factors in order to better understand the responses of
organisms and ecosystems to environmental change.

Numerous national and international guidelines have been developed, such as the Wa-
ter Framework Directive in Europe (https://environment.ec.europa.eu/topics/water/wate
r-framework-directive_en, accessed on 26 June 2024), the US Clean Water Act (https://ww
w.epa.gov /sites/default/files /2017-08 /documents/federal-water-pollution-control-act-5
08full.pdf, accessed on 26 June 2024), the National Water Management Strategy of Australia
and New Zealand (https:/ /www.waterquality.gov.au/sites/default/files/documents /n
wqms-charter.pdf, accessed on 26 June 2024), the Canada Water Act (https://laws-loi
s.justice.gc.ca/eng/acts/c-11/, accessed on 26 June 2024), and the International Initia-
tive on Water Quality (IIWQ) of UNESCO’s International Hydrological Programme (IHP)
(https:/ /www.unesco.org/en/ihp, accessed on 26 June 2024), which aim to maintain and
sustainably improve the ecological status of water bodies. Improving water quality is one of
the world’s greatest societal challenges and is, therefore, a key issue in the UN 2030 Agenda
for Sustainable Development Goal 6: “Ensure availability and sustainable management
of water and sanitation for all”. Strategies and actions to achieve this goal require the
coherent measurement, analysis and visualisation of water quality from regional to global
scales. The GlobeWQ project (https://www.globewq.info/, accessed on 26 June 2024) is
embedded in the World Water Quality Alliance, led by the UN Environment Programme,
with the challenging task of producing a World Water Quality Assessment of current and
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future freshwater quality. A common goal of these guidelines is to improve water quality
by identifying pollutants and implementing sustainable management strategies that can be
achieved through continuous monitoring of all water bodies [17-19]. Current monitoring
programmes use labour-intensive, costly and time-consuming in situ methods such as dis-
tributed sampling, analysis, point measurements or other comparable methods. Although
these provide detailed information on the physical, chemical and biological status of water
bodies, their local and selective monitoring and low temporal resolution can lead to inac-
curate assessments and, consequently, a false categorisation of water quality [20,21]. The
temporal and spatial variability of phenomena and ongoing processes and changes, as well
as disturbances caused by, for example, short-lived cyanobacteria or phytoplankton blooms
in water bodies, cannot be sufficiently monitored by infrequent in situ point sampling
measurements [22,23].

To gain an ecosystem-level understanding of water bodies and the role of lakes “as
sentinels, integrators and regulators of climate change” [24], there is an urgent global need
for long-term monitoring approaches that can capture standardised and transferable spatio-
temporal monitoring of water status, quality and change [21]. Ecologists have repeatedly
proposed the use of remote sensing (RS) for monitoring water diversity and water quality
and coupling it with locally conducted in situ measurements to take advantage of both area-
scale RS information and local measurements [25]. Complementary approaches such as the
synergistic use of innovative RS technologies, in situ sensors and measurements, databases
and modelling approaches are required to provide an assessment of the ecosystem integrity
of water status and its health [25,26].

RS techniques are already being used to successfully monitor, model and assess ter-
restrial ecosystem properties such as vegetation diversity [27,28], geodiversity [29-31],
geomorpho-diversity [32] and hydrology [33] to assess the quality and support the sus-
tainable management of marine and coastal protected areas [34]. For some time now,
various water characteristics and water quality indicators have been used, such as tur-
bidity, chlorophyll-a, harmful algal bloom indicators and total absorption (IIWQ World
Water Quality Information and Capacity Building Portal, https:/ /www.eomap.com/worl
d-water-quality /about-iiwq-portal/, accessed on 26 June 2024), which have been merged
as global datasets based on different RS time series from RS missions such as Land-
sat and Copernicus or hyperspectral RS satellites (e.g., EnMAP and PRISMA) (https:
//climate.esa.int/en/projects/lakes/, accessed on 26 June 2024). Recent technological
developments and satellite missions such as the DLR Earth Sensing Imaging Spectrometer
(DESIS, [35], the hyperspectral Environmental Mapping and Analysis Programme (En-
Map, [36]) and the first space-based GEDI Ecosystem LiDAR [37]) or ICESat-2 [38] are now
available and largely free of charge. They help us to gain a deeper understanding of the pro-
cesses and to specifically monitor water heat, water properties, processes and interactions.
NASA'’s future Surface Biology and Geology (SBG) missions (https://sbg.jpl.nasa.gov/,
accessed on 26 June 2024) with the Hyperspectral Infrared Imager (HyspIRI) will be partic-
ularly important for RS-based monitoring of water quality, as the sensor combination of
hyperspectral and the Thermal Infrared RS (TIR) will simultaneously record and continu-
ously monitor various water quality characteristics as well as additional vegetation and
geodiversity characteristics on local to global scales [39].

The basic reason why RS can capture changes in water quality characteristics is that
the spectral reflectance and absorption of pixels in an optical RS image is the result of
complex interactions between light (the atmosphere); the water surface; the genesis; and
optical, biochemical-biophysical, morphological, physiological, phenotypical, structural,
taxonomic and functional characteristics of water and its constituents, such as phyto-
plankton [40] and water quality [41], vegetation [42], geodiversity [30,32] and their inter-
actions [43]. The basis of the trait approach is the Spectral Variation Hypothesis (SVH)
approach [44]. The Spectral Variation Hypothesis states that the pixel-to-pixel variability
of the spectral response in an RS image is determined by several factors, such as envi-
ronmental diversity, the diversity of biochemical and structural characteristics, e.g., leaf
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and canopy properties, as well as functional vegetation properties and their responses
through interactions with the topography, soil and geodiversity as an expression of the
integrability of the spectral signal and its changes [44]. RS can capture traits and trait
variations. Therefore, traits are crucial indicators and proxies of terrestrial and aquatic
status, opportunities, disturbances and resource limitations. They are also a crucial link
between in situ and RS monitoring approaches [45]. Therefore, RS and the traits approach
are appropriate for assessing changes to water diversity and water quality.

The traits approach for water has already been mentioned by numerous studies in
the past, but they mainly refer to in situ measurements [41,46-51]. The traits approach
is crucial for a better understanding of why organisms live where they do and how they
respond to environmental change [52]. To date, trait approaches with RS have only been in
the context of terrestrial vegetation diversity [45,53,54], forest heath [55-57], geodiversity
(soil characteristics [31], geomorphology, [32], urban intensity [58] or social-ecological
systems [59].

Therefore, the aims of this paper are as follows: (i) to apply the RS-based traits ap-
proach to aquatic and marine systems for the first time. For this purpose, five characteristics
of aquatic diversity have been defined, namely: the diversity of water traits, the diversity
of water genesis, the structural diversity of water, the taxonomic diversity of water and
the functional diversity of water; (ii) to illustrate how RS technologies can monitor these
five traits of water diversity; (iii) to summarise the characteristics of water diversity; and
(iv) to discuss the future opportunity of an integrative approach and application of traits
and RS to integrate a more focused RS and trait approach into water quality assessment
and sustainable management.

2. Definition and Standards of Water Quality and Water Characteristics

The assessment of water quality is based on a set of definitions and standards estab-
lished by various organisations. Monitoring of water quality and water characteristics is
often conducted by in situ measurements, but the specific tests and measurements used
will depend on the water’s intended use for rivers, lakes, groundwater or drinking water.
Here are some of the key parameters and definitions that are commonly used:

Physical characteristics: These relate to parameters such as light (Photosynthetically
Available Radiation—PAR), temperature (thermal stratification), conductivity, transparency,
colour, turbidity (clarity) and total suspended solids. The presence of suspended materials
such as clay, silt, fine organic material, plankton and other inorganic materials in water
is referred to as turbidity, which is a measure of water clarity. For example, the oxygen
saturation in water depends on the temperature, and a higher level of turbidity can indicate
pollution (Environmental Protection Agency (EPA), https:/ /www.epa.ie/pubs/advice/w
ater/quality /Water_Quality.pdf, accessed on 26 June 2024).

Chemical characteristics: These include parameters such as pH; hardness; alkalinity
salinity; nutrients; dissolved organic carbon; anions such as chloride and sulphate; and
cations such as calcium, natrium, magnesium, iron and manganese and the concentration
of dissolved oxygen. Nutrients such as nitrogen, phosphorus and silicon are measured
to estimate the eutrophication level [60]. The presence and concentration of chemicals
that can be harmful to humans or ecosystems are also included, such as heavy metals or
persistent organic pollutants (US Geological Survey, https://www.usgs.gov/, accessed on
26 June 2024).

Biological characteristics: These refer to the microbial quality of water, such as the pres-
ence and quantities of bacteria, viruses, microalgae, fungi and other microorganisms.
Certain types of bacteria (e.g., Escherichia coli) are used as indicators of water pollution,
especially from faecal sources (World Health Organization, https://www.who.int/publicat
ions/i/item /9789241549950, accessed on 26 June 2024).

Ecological characteristics/bioindicators: Certain species of animals (insect larvae, snails,
mussels, amphibians and fish) and/or plants (cyanobacteria, microalgae, submerged macro-
phytes and reeds) serve as bioindicators of the state of an ecosystem. The presence or
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absence of species and changes in their populations can provide important information
on the condition and changes to the water body and its environmental conditions and
anthropogenic influences [60].

Standards and Guidelines

The recording of water quality and water properties is based on various standards and
guidelines that are defined by several international organisations and frameworks. These
organisations and guidelines significantly shape the way in which water properties and
water quality are recorded and assessed worldwide. They provide frameworks to protect
and promote both environmental impacts and human health. Here are some of the most
important organisations and their associated guidelines:

3. Definition of Water Diversity Using Remote Sensing

The recording of water quality and thus water constituents is one of the most frequently
requested RS applications. Due to the immense scale of the area to be monitored worldwide,
the integration of RS technologies into a water monitoring system was not put into practice
until the early 1980s [61]. However, RS approaches represent a target-oriented approach to
monitor the properties and changes to water quality based on the following criteria:

RS can capture the traits and trait variations of water characteristics and water quality
as well as those of plants, vegetation, geodiversity, geomorphology and land use intensity.
Consequently, RS-based water quality monitoring can monitor not only water quality traits
but also the terrestrial compartments of geodiversity and vegetation diversity and take
into account the process interactions and drivers of water quality. The spectral reflectance
and absorption of pixels are the result of interactions between light (the atmosphere),
phylogenetic/genesis, biophysical, biochemical, physical, morphological, physiological,
phenotypic, structural, taxonomic and functional traits of the captured characteristics of
water, vegetation and geodiversity, as well as their interactions between vegetation diversity
and geodiversity [42,43].

The traits approach forms the basis for the in situ monitoring [41] and RS monitoring
of water quality and is therefore a crucial link between the two monitoring approaches [45].
Therefore, in the context of monitoring water diversity and water quality using RS, a new
definition of monitoring water diversity and quality is required.

Water diversity can be described by its five characteristics, namely: the diversity of
water traits, the diversity of water genesis, the structural diversity of water, the taxonomic
diversity of water and the functional diversity of water (modified after Lausch et al. [62]).
These five characteristics of water diversity exist on all spatial and temporal scales and can
be defined as follows (modified after Lausch et al. [32]):

(I)  The diversity of water traits, which represents the diversity of the biochemical-,
physical, optical, morphological-, structural-, textural- and functional characteristics
of water traits that affect, interact with or are influenced by their genesis-, taxonomic-,
structural- and functional diversity;

(I) The diversity of water genesis, which refers to the diversity of the length of evo-
lutionary pathways associated with a particular set of water traits, taxa, structures
and functions of water diversity. Therefore, groups of water traits, water taxa, water
structures and water functions that maximise the accumulation of functional diversity
of water diversity are identified;

(I) The structural diversity of water, namely, the diversity of the composition and config-
uration of water characteristics;

(IV) The taxonomic diversity of water, representing the diversity of water components that
differ from a taxonomic perspective;

(V) The functional diversity of water, which is the diversity of water functions and
processes, as well as their intra- and interspecific interactions.

A clear separation and assignment of the five characteristics of water diversity moni-
tored by RS is not always possible but nevertheless helps to monitor, assign and assess the
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various indicators derived with RS, as well as to understand the links between in situ and
RS approaches [62].

4. Approaches for Monitoring Water Diversity and Water Quality

There are two methods for monitoring water characteristics and water diversity, as
well as its properties, health and changes. These are in situ/field observations and the RS
approach (see Figure 1).

Remote Sensing (RS) Water Diversity In-situ
platforms / approaches approaches
Physical-based (technologies) /\ Expert knol\Nledge based

— M

Close-Range Air-/Spaceborne
RS RS

. Process Trait
Traits Variations Traits Functional Structural Taxonomic Genese
Concept Concept Concept Concept Concept
’ . o SRy — —/— i
&4 ) 1 - Water Water Water | Water Water Water
& Spectral Traits (ST) 1
ey 1 P i i i
N . e Traits Traits Functions| Structures Taxonomy Genese
?— v 1 Spectral Trait Variations (STV) | Arrirer
¥ | JR—— o o o -
r elements, minerals, molecules 1 ¢ I i l’ l’
bio-/g i bio-/g ptical Elements, minerals, Phytoplankton Area, size, shape, Lake-types, Glacial
i ical, morj i molecules functional types, lengths, density, optical water types, lakes,
#structural textural, funcéional‘t’raits‘ bio-/g icall bio- fonal connectivity, contiguity, river types, glacial
! ? g pticall chemical, i ivity, ivity, edges, river network types, erosion, lake
Discrimination of physical traits flow i i sea bed i i Valley,
water istics ( phyll-a/b, particles in water, flow width, flow between water level, extent, coastal types, tectonic
. . 3 chlorophyll-alb fields, water flow structure of water hydrological response  Lake
TS [ ERE DI EE T o) turbidity, salinity characteristics, bodies, coastline units,
sea surface temperature structure, structure of macrophyte taxonomy
estuaries
v v Y v v v
- Diversity of Water Traits Diversity of . G_enese
l (Water Spectranometric Approach) l Water Traits Diversity of Water|
Yy e * e * v J y A d
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Diversity of Water Diversity of Water | | Diversity of Water| | Diversity of Water Diversity of Water | | Diversity of Water Diversity of Water
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Figure 1. In situ and remote-sensing approaches and the five characteristics of water diversity
(diversity of water traits, diversity of water genesis, structural diversity of water, taxonomic diversity
of water and functional diversity of water). Diversity of water traits is the most important link
between in situ and RS monitoring approaches (modified after Lausch et al. [32]).

4.1. In Situ Approaches

In situ monitoring refers to the direct expert recording, identification and monitor-
ing of changes to water characteristics (traits), their diversity and health. Alexander von
Humboldt was one of the first to adopt a holistic and standardised approach to in situ
monitoring, in which the traits and processes of hydro-, geo- and biodiversity were ob-
served, compared and evaluated, and their interactions and feedback mechanisms were
recorded [63-65]. Organisations and guidelines (see Table 1) have a decisive influence
on the way in which water properties and water quality are recorded and evaluated in a
standardised manner worldwide (see Table A1, Appendix A).

In situ water quality monitoring is based on sampling and on-site observations. Increas-
ingly, however, in situ measurements are also supported by reagent-free, low-maintenance,
autonomous and continuous monitoring sensors and aquatic wireless sensor networks
(WSN) ([66-68], such as the GLEON network (Global Lake Ecological Observatory Net-
work) https:/ /gleon.org/ accessed on 26 June 2024). Furthermore, low-cost automated
GPS, electrical conductivity and temperature sensing devices and Android platforms for
water quality monitoring are also used [69]. Recently, trait-based approaches have also
been increasingly used for in situ monitoring to investigate and evaluate, e.g., short- and
long-term phytoplankton dynamics and the establishment of phytoplankton communities
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in freshwater and marine research. There are some image-based efforts for more automated
plankton analyses (see [70]). These are based on trait-based approaches, which are currently
spreading rapidly [41,46,71].

Table 1. Standards and guidelines, recognised organisations and frameworks for monitoring water

properties and water quality.

Organisation

Guidelines

Link

World Health Organisation
(WHO):

O

The WHO sets guidelines for drinking water
quality, which include standards for
microbiological, chemical and radiological
parameters.

https:/ /www.who.int/publicatio
ns/i/item/9789241549950, accessed

O  These guidelines serve as the basis for national =~ on 26 June 2024
legislation and standards for drinking water
quality worldwide.
O  The EPA provides extensive regulations and
standards for water quality in the U.S., https:
U.S. Environmental Protection including the Safe Drinking Water Act and the  //www.epa.ie/pubs/advice/wat
Agency (EPA): Clean Water Act. er/quality/Water_Quality.pdf,
O  These include limit values for impurities in accessed on 26 June 2024
drinking water and standards for surface water.
O  The EU Water Framework Directive (WFD) is a
key document that aims to bring all bodies of https:/ /environment.ec.europa.eu
European Union (EU): water (rivers, lakes, coastal waters and /topics/water/water-framework-
groundwater) to a “good status”. directive_en, accessed on 26 June
O  The EU also lays down specific guidelines for 2024
drinking water and bathing water.
OISO offers various standards for water quality,
including methods for testing and
International Organisation for analysing water. https:/ /www.iso.org/home.html,
Standardisation (ISO): O  Examples include ISO 14046 for the water accessed on 26 June 2024
footprint and various ISO standards for
analysing specific contaminants.
O APHA publishes the “Standard Methods for the
. . Examination of Water and Wastewater”, a
American Public Health hensi 1 taini tandardised https:/ /www.apha.org/, accessed
Association (APHA): comprehensive manual containing standardise on 26 June 2024
laboratory procedures for the analysis of water
quality.
@) Citizens, nature and industry all need healthy
rivers and lakes, groundwater and bathing
waters. The Water Framework Directive (WFD)
focuses on ensuring good qualitative and https:/ /environment.ec.europa.eu
European Union (EU) Water quantitative health, i.e., on reducing and /topics/water /water-framework-
Framework Directive (WFD) removing pollution and on ensuring that there  directive_en, accessed on 26 June
is enough water to support wildlife at the same 2024
time as human needs.
O Finland is one of the few countries to have

switched to RS-based national monitoring.

Despite the increasing amount of in situ data and the development of water quality
databases such as GEMStat (https:/ /gemstat.org, accessed on 26 June 2024), as well as the
increasing free availability of these data, the spatial and temporal continuous resolution of in
situ data has so far been insufficient to provide comprehensive information and assessments
of water quality from the local to the regional and the global scale [25]. Monitoring
programmes or in situ buoys are often at one location in a lake, i.e., the point where the
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lake is deepest. This should then represent the whole lake, which is often not the case.
Furthermore, these are often conducted in low-income countries and in regions known for
their lack of policies for permanent in situ monitoring. The inclusion of areal RS data, as
well as water quality modelling that provides relationships between water quality status
and its influencing factors, such as agricultural practices and/or the discharge of untreated
municipal wastewater, can close this gap [25].

In order to optimally incorporate airborne and spaceborne RS data for monitoring
water quality, RS data must be validated by standardised in situ monitoring networks to
monitor bio-geo-optical traits and the diversity of inland and coastal waters. For example,
the GLObal Reflectance Community Dataset for Imaging and Optical Sensing of Aquatic
Environments (GLORIA) provides an important dataset of 7572 local hyperspectral RS
reflectance measurements, which were measured in 1 nm intervals in the wavelength
range from 350 to 900 nm and distributed globally. In this dataset, in addition to spectral
measurements, at least one measurement of water quality (chlorophyll-a, total suspended
solids, dissolved solids absorption and Secchi depth) is also monitored and provided [72].

The optical complexity of coastal and inland waters with different trophic states is
challenging for RS, especially for the retrieval of phytoplankton functional or pigment
groups, and therefore requires additional in situ and laboratory measurements for valida-
tion [73]. The LakeLab, a large-scale experimental research facility in Lake Stechlin (NE
Germany, Figure 2), provides such a unique opportunity for collaboration between aquatic
ecologists and remote sensing experts for validation and calibration. The LakeLab is an
experimental platform for studying the effects of climate change on aquatic organisms, their
interactions and ecological processes in lake ecosystems [74,75]. It consists of a large central
enclosure (30 metres in diameter) and 24 experimental units (enclosures), each 9 metres
in diameter. All 24 enclosures of the LakeLab and 4 additional stations in Lake Stechlin
are equipped with in situ sensors (YSI EXO, LiCor PAR) mounted on automatic profiling
systems and provide continuous data from different water depths, including chlorophyll,
phycocyanin, phycoerythrin, temperature, oxygen, conductivity, pH and light as PAR.
Measurements such as HPLC-based chlorophyll-a and other pigments, image-based flow
cytometry (FlowCam, MDPI, Amnis Image Stream) for plankton organisms, nutrients and
carbon fractions are performed in the nearby laboratories of the Department of Plankton
and Microbial Ecology of the IGB in Stechlin. Several international collaborations with
measurement campaigns in the LakeLab have been carried out to characterise key opti-
cal properties of water and to understand the formation of the remote sensing signal, to
compare and validate remote sensing data (multi- or hyperspectral cameras on satellites,
aeroplanes, drones and handheld) with in situ and laboratory measurements in optically
diverse and complex water bodies created in the LakeLab (Figure 2), supported by the
AQUACOSM project.

4.2. Remote Sensing Approach

All RS technologies are contactless and detect traits and trait variations on and in
the water at a distance of a few millimetres to thousands of kilometres. The sensors
are used on different RS platforms such as aquatic wireless sensor networks (WSN), un-
derwater cameras on submarines and robots, buoys, ships, drones, and airborne and
spaceborne platforms, which use different RS technologies (RGB/photography, multispec-
tral, hyperspectr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>