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Abstract: In order to halt the loss of global biodiversity and considering the United Nations Decade for
Ocean Conservation Agenda, increasing efforts to improve biomonitoring programs and assessment
of ecosystem health are needed. Aquatic environments are among the most complex to monitor,
requiring an array of tools to assess their status and to define conservation targets. Although several
parameters need to be considered for a comprehensive ecological status assessment, it is important to
identify easy-to-apply high-resolution monitoring methods. Shifts in fish composition and abundance
are often good indicators of ecosystem health status in relation to anthropogenic activities. However,
traditional monitoring methods are strictly related to the habitat under study and cannot be applied
universally. This review summarizes the importance of ecological indicators for aquatic environments
subjected to anthropogenic stressors, with a particular focus on fish communities and transitional
water ecosystems. We describe the main characteristics of both traditional and novel methods for fish
monitoring, highlighting their advantages and shortcomings in an attempt to identify simple and
reliable ways for a correct evaluation of the dynamics of aquatic ecosystems.

Keywords: ecological indicators; biomonitoring plans; fish diversity; environmental DNA; DNA
metabarcoding; aquatic ecosystems

1. Introduction

One of the greatest challenges in the management of aquatic ecosystems, from oceans
to coastal and transitional waters, is to find simple ways to evaluate their condition [1].
To find these methods, it is important to choose the most appropriate indicators, metrics,
and evaluation tools to use in order to measure most of the properties of the ecosystem
under study. In this context, ecological indicators are markers representing the ecosystem’s
integrity and durability in relation to anthropogenic activities [2].

Undeniably, the choice of the appropriate indicator or set of indicators depends not
only on the questions that are addressed but also on the characteristics of the ecosystem
under study [3]. Indicators span across all biodiversity levels, and the selection of these
metrics should be properly calibrated for each case study [1].

This review aims to describe the main characteristics of ecological indicators and
to offer a synthesis of the most commonly applied ecological indicators, with particular
emphasis on fish individuals and fish communities, to assess the status of aquatic ecosys-
tems. Particular attention has been paid to indicators that are generally applied in the
management of transitional water ecosystems. A description of their strengths, weak-
nesses, and possible applications and interpretations is also provided, together with recent
advancements in the field.
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2. Importance of Ecological Indicators

Ecological indicators are defined as biological assemblages of species or taxa which,
due to their presence or condition, can give information on the integrity of an ecosystem
and their variation can be representative of the anthropogenic and natural impacts, and
pressures acting on the ecosystems at different spatial and temporal scales [4]. Ecological
indicators are important for understanding the ecosystem characteristics and for summa-
rizing large quantities of information about its status to inform management and direct
nature protection actions towards conservation and livelihood sustainability [5].

In particular, ecological indicators provide a tool for evaluating the integrity of an
ecosystem, and by doing so, they help to identify changes in ecosystem conditions and
predict the direction and possible magnitude of impacts or responses to stress. Ecosystems
represent a complex network of biotic and abiotic factors, and, for this reason, assessing
the disturbances over time can be quite challenging, also concerning the abiotic spatial
features [6]. From this side, ecological indicators describe an ecosystem in simple terms
by splitting it into its main features, whose changes reflect the alteration of the ecosystem
structure and functioning itself [7,8]. Hence, the main contribution of ecological indicators is
to allow the assessment of the impact that human activities have on the ecosystem. However,
this does not automatically translate into the identification of the factors causing it [9–12].

Ecological indicators can be based on both qualitative and quantitative metrics, but
the latter is probably more useful in management. If we consider marine ecosystems, there
are many factors leading to biodiversity loss which are either directly or indirectly related
to human activities, such as agricultural waste mismanagement [13], unsustainable coastal
development [14], the introduction of alien and invasive species [15,16], overexploitation
of marine resources [17,18], and ocean warming and acidification [19,20]. This explains
why it is important to assess the entity of pressures and how to implement amelioration
measures. There is a growing concern about the critical status of many aquatic ecosystems
and the need to define, test, and work with robust indicators to track the ecosystem’s status
and make informed management decisions [21].

It is important to underline the complexity of aquatic ecosystems and how just one
biological metric is often not enough to describe the complexity and dynamics of these
ecosystems [22]. The contextual use of multiple indicators or the synthesis of many metrics
in a multi-metric index is highly recommended when assessing the status of an ecosystem.
The simultaneous use of both “descriptive indicators”, such as taxa composition and
richness, and “functional indicators”, measuring the interaction between trophic levels and
the cycling of nutrients [23–25], should generally be preferred. Even though most of the
impacts of human activities on aquatic ecosystems are well known, it is still difficult to
properly quantify all of them [26] due to the high natural variability and poor knowledge of
these ecosystems. This spurred the interest of the scientific community in finding effective
indicators to assess ecosystem status and guide management plans.

In Europe, the publication of the Water Framework Directive (WFD, 2000/60/EC)
and the Marine Strategy Framework Directive (MSFD, 2008/56/EC) have encouraged
researchers to identify a set of descriptors of status of European water bodies. This resulted
in an increasing number of publications describing different indicators aimed to depict
the ecosystem status [1]. It is time to review ecological indicators of aquatic ecosystems,
considering the global targets proposed by the 17 Sustainable Development Goals (SDG),
and the opening of the United Nations Decade for Ocean Conservation.

3. Characteristics of a Good Ecological Indicator

As stated above, indicators have an important role in monitoring and assessing the
status of an ecosystem, in quantifying the intensity and the extent of human pressures, and
in informing management to allow the preservation of habitats and biodiversity. For this
reason, the set of indicators must be chosen wisely.

To be cost-effective and provide clear management directions, the suites of indicators
should be kept as small as possible, avoiding redundancy but still fulfilling the needs of
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all users [27]. From a management perspective, Rice and Rochet [27] provided a seven-
steps guide:
• Step 1: determine user needs, identifying who the managers and the stakeholders

interested in the data are;
• Step 2: develop a list of candidate indicators that are effective in measuring the

ecosystem status relative to the objectives;
• Step 3: determine screening criteria, such as concreteness, theoretical basis, public aware-

ness, costs, measurement, historical data, sensitivity, responsiveness, and specificity;
• Step 4: score candidate indicators against the screening criteria;
• Step 5: summarize the scoring results;
• Step 6: decide how many indicators are needed;
• Step 7: make the final selection and report the chosen suite of indicators.

A good indicator must reflect ecosystem dynamics (physical, biological) and their
possible evolution. It is, therefore, an expression of the connection between different
ecosystem compartments and must reflect the changes occurring between them.

4. Why Use Fish as Ecological Indicators?

Ichthyofauna composition and anthropogenic impacts are tightly connected. Bio-
logical monitoring is preferred over chemical monitoring because the latter often fails to
detect many of the human-induced disturbances in aquatic ecosystems, such as habitat
degradation or resource overexploitation [28]. The fish assemblages of both resident and
migrant species associated with an aquatic ecosystem are potentially impacted by many
human activities. Such pressures can alter their diversity and biomass, their spawning rate,
their food sources, and even their behaviour and survival rates.

Many different fish species have been successfully used as indicators of environmental
quality changes in a wide variety of aquatic habitats [29,30]. For Whitfield and Elliott [28],
their success in being good indicators relies on numerous characteristics, such as:
• Their presence in almost all aquatic systems, apart from the highly polluted waters;
• The extensive information on life history and environmental response available for

most species;
• Fishes are relatively easy to be correctly identified, and non-destructive sampling can

be applied;
• Fish communities usually include a range of species that represent a variety of

trophic levels;
• Fishes are long-lived species compared to other aquatic organisms and, therefore, can

provide a long-term record of environmental stress;
• They contain many life forms and functional guilds and, thus, are likely to cover

several components of aquatic ecosystems affected by anthropogenic disturbance;
• Fish species can be both sedentary and migratory and, thus, can reflect stressors within

one area or provide information about broader effects;
• Fishes hold a higher value compared to invertebrates or aquatic plants to the general

public, meaning that stakeholders might be more interested and invest more in collect-
ing data about the condition of the fish community because of the economic, aesthetic,
and conservation values associated with fish.
The use of fish as indicators of ecosystem status shows some difficulties given to

intrinsic factors, such as [5]:
• Sensitive fish species may spontaneously avoid stressful environmental conditions,

reducing their exposure to toxic or other harmful conditions;
• Spatial variability is also very high, meaning that an extensive sampling effort is

necessary to adequately characterize the fish assemblage;
• Their life cycle and behaviour must be considered, including reproductive and over-

wintering migrations;
• Some fish are extremely habitat selective, and their habitats may not be easy to sample.
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The use of fish species as indicators of ecological changes in aquatic ecosystems
assumes that fish communities are sensitive to changes within these systems and that fish
abundance and species diversity can provide a good measure of the impacts and pressures
to which a particular system is exposed [31,32].

Fish provide a unique and still overly underexploited asset in understanding changes
in the aquatic environment, even on a long temporal scale, through the comparison of
contemporary data with archaeological ones [33]. This approach can be best achieved
through the integration of both qualitative and quantitative data from a suite of sources
ranging from organism to ecosystem levels. The use of a wide range of criteria is likely
to be the best strategy to relax the above-mentioned constraints [5] and fully exploit the
potential of fish as ecological indicators.

5. Ecological Indicators for Fish

Even though multiple indicators would be generally preferable, single indicators are
sometimes chosen because they are more cost-effective than using several and multi-metric
ecological indicators, and they might be sufficiently sensitive to detect changes in the
ecosystem over natural and anthropogenic variations [34]. Fish communities constitute
a relevant tool for the evaluation of the ecological status of aquatic ecosystems [31,35].
Several types of fish-based indices exist for fish species. One main difference between them
is represented by singular indicators and multi-metric indicators. Singular indicators are
based on only one criterion (see, e.g., the Community Degradation Index (CDI) [36] and the
Biological Health Index (BHI) [37]), while multi-metric indicators consist of a combination
of several metrics, such as Indices of Biotic Integrity (IBI) [31,38].

A metric is defined as “a measurable factor that represents various aspects of a biolog-
ical assemblage, structure, function, or any other community component” [39,40]. In light
of this, multi-metric indices are expected to provide more comprehensive information on
different aspects of fish assemblages. Multi-metric indices suit a more holistic, integrative,
and functional approach [38], providing robustness and avoiding biases in consideration of
complex environments [34].

5.1. Population Features as an Indicator
One of the ecological indicators of historical change in a given environment is the

variation in the abundance of the population of one or more species. This can be measured
as a decrease or increase in the number of individuals, their biomass, their average size and
age, as well as an expansion or contraction of their distribution range over time [7,41]. This
type of indicator was applied, for example, in the island of Sardinia based on the biometric
parameters of lobsters, whose results highlighted changes in food availability linked to
some physical environmental features, such as temperature and salinity [41].

The binary data given by a species’ presence or absence in a particular ecosystem can
also be used as an indicator. By pairing presence/absence information with the species’
ecological function, scenarios can be depicted. A common scenario is that the disappearance
of a fish species with unique ecological functions might cause declines in overall species
abundance and diversity, as well as shifts to a different taxonomic composition. For
example, the decline of large predators may cause an increase in the abundance or size of
their prey and competitors, triggering trophic cascades and affecting several lower trophic
levels [42,43]. Such changes to species interactions, community dynamics, food-web
processes, and ecosystem functions were efficiently applied as indicators in the USA [7].

5.2. Species Diversity
Species diversity is a property of the community organization level [44]. It can be

investigated at different spatial and temporal scales [45]:
• ↵ diversity: the mean species diversity referred to spatially defined units, such as

defined assemblages or within a habitat;
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• � diversity: the ratio between regional and local species diversity, reflecting biotic
changes or species replacement between different areas and/or habitats or turn-
over phenomena;

• � diversity: the total species diversity at the landscape scale;
• " diversity: the total species diversity of a group of areas of � diversity, referred to as

the total species diversity within a biogeographic province;
• � diversity: the change in species composition and abundance between areas of �

diversity, which occur within an area of " diversity. It is referred to as differentiation
diversity over wide geographic areas.
For monitoring purposes, the species diversity index refers to the ↵ diversity, whereas

its increase is generally assumed to indicate more pristine environment conditions [46].
Species diversity can be partitioned into two components: richness and evenness [47].
Species diversity indices can express one or both components.

5.3. Changes in Species Traits: Body Size and Trophic Ecology
In addition to changes in the occurrence and abundance of aquatic species, historical

data can also give insight into changes in phenotypical traits. Human activities (e.g., fishing,
tourism) were found to affect different specific traits [7]. An example is the case of high
fishing pressure affecting fish body size and trophic ecology [48].

Data related to fish body mass and length can be used to analyse trends in the size-
frequency of a population or species over time [33]. Such data are relatively easy to find in
records of fishery landings [49] and environmental monitoring [50]. When recent records
are combined with archaeological samples, this allows for the detection of shifts in the
size-frequencies of the sampled species over different time scales [33]. Changes in the
size-frequency of a population provide a metric of change in population abundance as a
density-dependent response to exploitation [51] and also to environmental conditions in
change [52].

From a trophic point of view, the feeding habits of a marine organism provide infor-
mation on its feeding preferences, while its trophic position places it in relation to other
organisms in the food web based on its diet. The trophic position of an organism can be
expressed in terms of trophic level (TL) [41,53]. In general, algae, plants, and detritus are
commonly considered to have a TL = 1. Therefore, the organisms feeding on them (the
so-called primary consumers) have a TL = 2, the organisms that feed on primary consumers
have a TL = 3, and so on. Since marine species feed on a range of organisms that occupy
different trophic positions in the marine food web, their trophic levels are expressed as
fractional numbers (e.g., TL = 3.25 or 4.5) [7].

5.4. Tropho-Dynamic Indicators
In understanding the biological organization of an ecosystem, it is really useful to

know the food web structure and the trophic links that constitute it. That is why Lindeman,
in 1942 [53], proposed the introduction of tropho-dynamics as “the dynamics of nutrition
or metabolism”. Tropho-dynamics depict the energy flow through the food webs and the
relationships between the different components of an ecosystem. It describes the functional
role of a certain species in an ecosystem [54,55], whereas the trophic level describes the
species’ positions in a food web [56,57].

Originally, tropho-dynamics were not designed for aquatic environments, but re-
searchers successfully applied this concept to marine food webs, e.g., in studies carried out
in coral reef ecosystems [58,59]. In particular, Cury et al. [60] identified six indicators to
detect ecosystem-level patterns in a conservative way, i.e., they slowly respond to large
structural changes in the ecosystem. These are:
• Mean trophic level (TL or TLm) of fisheries landings;
• Fishing in Balance (FiB) index;
• Relative change in species (or functional group) composition;
• Primary production required (PPR) to support catches;
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• Mixed trophic impact (TI);
• Proportion of production by different components.

Trophodynamic indicators allow us to measure the entity of the interactions between
different trophic compartments [60] and the structural changes in an ecosystem as a re-
sponse to its exploitation (e.g., fishing activities) [60]. They are reported below, along with
notes on their applicability and limitations.

5.4.1. Mean Trophic Level (TLm)
The Mean Trophic Level (TLm) is the mean value of the trophic levels of the caught

fish in a certain area. The TLm of fisheries landings can be used as an index of sustainability.
It represents a community-level or ecosystem-level indicator targeting shifts in the food
web structure [61]. TLm is considered a good indicator to quantify the effects of fishing on
food webs. However, both economic and technological factors can alter the TLm value of
catches, generating bias in estimating the fishing impact [62,63].

5.4.2. Fishing in Balance (FiB)
The Fishing in Balance (FiB) index is an extension of the TLm. It incorporates a known

constant value of trophic level transfer efficiency between trophic levels of the food web,
therefore measuring the “trophic level balance” [64]. FiB is useful for monitoring the
expansion and contraction of fishing fleets over time, as shown by the trophic level of
catches, and allows a comparison among different ecosystems. However, FiB requires
stringent data and complex modelling [65,66]. In addition, both TLm and FiB require a
large amount of data, which limits their application [48].

5.4.3. Relative Change in Species (or Functional Group) Composition
The relative change in species (or functional group) composition within the caught

or surveyed community can be quantified by means of biomass ratios (preferable to catch
ratios) to characterize ecosystem changes (e.g., piscivorous, zooplanktivorous fish). These
ratios are easy to understand and measure and are often (but not exclusively) sensitive to
fishing. However, finding theoretical foundations to set the reference points is difficult, and
these should be empirically defined based on historical data [60].

5.4.4. Primary Production Required (PPR)
The Primary Production Required (PPR) is the estimated amount of primary produc-

tion that is able to support the biomass harvested by fisheries. It is an ecosystem-level
indicator of the impact of fishing at the lowest trophic level of the ecosystem.

5.4.5. Mixed Trophic Impact (TI)
Mixed trophic impact (TI) is a measure of the relative impact of a change in the biomass

of trophic compartments. The analysis is based on an input-output method used to assess
direct and indirect interactions [60]. TI quantifies the net effects of one species on every
other species in an ecosystem, considering the positive effects of a prey species on its
predator species (weighted relative to its proportion in the predator diet), negative effects of
a predator species on its prey species (weighted according to the fraction of the production
of prey that is consumed by the predator), and the indirect effects that one species can have
on others through trophic interactions. Matrices of relative net impacts of each group on
every other are constructed, scaled between �1 and 1. The trophic structure is assumed to
remain constant, implying that TI should not be used in a predictive sense but rather as a
sensitivity analysis to identify those groups that may have large trophic impacts on others
and so might be suitable indicators for monitoring fisheries effects across an ecosystem [60].

5.4.6. Proportion of Production by Different Trophic Compartments
The proportion of production by different trophic compartments, and the proportion

of the total consumption of each prey by each predator group, can be used to quantify
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the relative importance of prey or predators [60]. The importance of predation and/or
fishing mortality relative to total mortality may be helpful in monitoring changes in trophic
structure within or among systems. Predation mortality results are often larger than fishing
mortality, but their relative importance can change over time or differ between systems.
Fishing effects will result most apparent in cases of tight trophic coupling, such as between
forage fish subject to heavy fishing pressure and seabird predation [60].

5.5. Index of Biological Integrity (IBI)
In 1981, Karr [31] introduced the Index of Biological Integrity (IBI) using stream fish

communities. This index puts together different parameters (Table 1) regarding species
richness and composition, other than further ecological factors, to provide a classification
system for fish communities (Table 2), along with suggested boundaries for the environ-
mental quality classification (Table 3).

Table 1. List of parameters and ecological traits used in the assessment of fish communities; modified
from [31].

Species Composition and Richness

Number of Species.
Presence of Intolerant Species.

Species Richness and Composition of Darters.
Species Richness and Composition of Suckers.

Species Richness and Composition of Sunfish (except Green Sunfish).
The proportion of Green Sunfish.

Ecological Traits

Number of Individuals in Sample.
The proportion of Omnivores (Individuals).

Proportion of Insectivorous Cyprinids.
Proportion of Top Carnivores.

Proportion, along with Disease, Tumours, Fin Damage, and Other Anomalies’ presence.
Proportion of Hybrid Individuals.

Table 2. Biotic integrity classes used in fish communities’ assessment with general descriptions and
attributes; modified from [31].

Class Attributes

Excellent

Comparable to the best situations without human influence. All
regionally expected species are present with a full array of age and sex
classes, including the most intolerant forms, according to habitat and

stream size. Balanced trophic structure.

Good
Species richness is below expectation, especially due to the loss of most
intolerant species. Some species have less than optimal abundances or

size distribution. The trophic structure shows some signs of stress.

Fair
Signs of additional deterioration include fewer intolerant species and a

more skewed trophic structure (e.g., increasing frequency of omnivores).
Older age classes of top predators may be rare.

Poor
Dominated by omnivores, pollution-tolerant species, and habitat

generalists. Few top carnivores. Growth rates and condition factors are
commonly depressed. Hybrids and diseased fish are often present.

Very Poor
Few fish are present, mostly introduced or very tolerant species. Hybrids

are commonly present. Disease, parasites, fin damage, and other
anomalies are regular.

No Fish Repetitive sampling fails to turn up any fish.
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Table 3. IBI values corresponding to each class of biotic integrity.

Ecological Quality Class Ecological Indicator Value

Excellent (E) 57–60
E-G 53–56

Good (G) 48–52
G-F 45–47

Fair (F) 39–44
F-P 36–38

Poor (P) 28–35
P-VP 14–27

Very Poor (VP) 13

In 1981, the IBI was proposed as a preliminary index, with indications for its use
mainly as a summary of the individual metrics on which it is based [31]. Hence, the metrics
considered in this index are flexible and can be modified and adapted depending on the
study area, the species present, and the boundaries for the quality classes [67,68].

5.6. Marine Fish Community Index (MFCI)
The Marine Fish Community Index (MFCI) incorporates functional and structural

information about marine fish communities, including information about the abundance
and size structures of each type of substrate [69].

The use of this indicator assumes that substrate type and depth are the main factors
responsible for habitat complexity and, so, drivers of the marine fish assemblages [70–74]. For
this reason, MFCI has been separated into four different typologies based on the considered
kind of substrate:
• Rocky Subtidal (RS–permanently submerged rocky reefs down to a depth of 30 m);
• Shallow Soft-bottom (SS–sandy or muddy substrate down to 20 m deep);
• Intermediate Soft-bottom (IS–sandy or muddy substrate 20 to 100 m deep);
• Deep Soft-bottom (DS–sandy or muddy substrate 100 to 200 m deep).

The metrics selected to compute the MFCI were further divided into four major at-
tributes: (1) diversity and composition, (2) abundance, (3) nursery function, and (4) trophic
integrity. The choice of the core metrics (Table 4) for each substrate typology was made
considering the most informing metrics based on the specific features of each substrate
typology, their ecological meaning, and their response to environmental changes [69]. As
a result, The MFCI returns a score within five quality classes that describe the ecological
status as Bad, Poor, Moderate, Good, and Excellent, spanning from 0 to 1.

The MFCI metrics are representative of the typical communities of each substrate ty-
pology and sensitive to the main impacts acting on the marine environment. MFCI has been
demonstrated to effectively incorporate functional and structural information of marine fish
communities, thus being an efficient tool to convert ecological information into ecological
status with potential applications for conservation and management purposes [69].

5.7. Fish Assemblage Indices Applied in Estuaries
It is possible to use the previous indices by considering all the due corrections and

the constraints of estuaries. Specifically, the following fish community indices were imple-
mented for estuaries [28]:

• Estuarine Community Degradation Index (CDI);
• Estuarine Biological Health Index (BHI);
• Estuarine Biotic Integrity Index (EBI);
• Estuarine Fish Recruitment Index (FRI);

5.7.1. Estuarine Community Degradation Index (CDI)
The Estuarine Community Degradation Index (CDI) is based on the comparison

between the current fish community within an aquatic ecosystem and the (estimated)
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pristine one in the absence of any pressure or the community that existed before the
degradation [36]. This index assumes that differences between the potential community
and the actual ones are due to habitat degradation. As a consequence, CDI shows some
advantages in monitoring an estuary recovery, as well as documenting the degradation
of an estuary over time and assisting in the identification of estuary types where the fish
communities are most threatened [28].

Table 4. Selected metrics for the MFCI divided by the correspondent substrate typologies; mod-
ified from [69]. TNS = total number of species; RUS = number of rare or uncommon species;
PDS = pelagic/demersal ratio (in number of species); TA = total abundance; MAS = number of species
that make up 90% of the abundance; PRS = proportion of resident species; CNC = commercial/non-
commercial ratio (in proportion of species); GS = gregarious species; LVL = proportion of low
and very low resilience species; BAS = proportion of benthic-associated species; IOM = propor-
tion of individuals over maturity size; ABC = ABC curves; PSS = proportion of spawning species;
CSL = cryptic, Symphodus sp. and Labrus sp. Species; SJP = number of species with juveniles present
or proportion of juveniles; PIS = proportion of invertivore species; POS = proportion of omnivore
species; PMS = proportion of piscivore and macrocarnivore species; PZS = proportion of zooplank-
tivorous species.

Attribute Rocky
Subtidal

Shallow
Soft-bottom

Intermediate
Soft-bottom

Deep
Soft-bottom

Diversity and
composition

TA
RUS/TNS

TNS
RUS/TNS

TNS
RUS/TNS

PDS

TNS
RUS/TNS

PDS

Abundance

TA
MAS
PRS
CNC

TA [ln(n + 1)]
MAS excluding GS

LVL
BAS
IOM
ABC

TA [ln(n + 1)]
MAS excluding GS

LVL
IOM
ABC

TA [ln(n + 1)]
MAS excluding GS

LVL
IOM
ABC

Nursery function
PSS excluding CSL
Proportion of CSL

SJP.

PSS
SJP

PSS
SJP

PSS
SJP

Trophic integrity
PIS
POS
PMS

PMS
PIS
PZS

PZS
PIS

PMS

PMS
PIS

5.7.2. Estuarine Biological Health Index (BHI)
The Estuarine Biological Health Index (BHI) is a modification of CDI. BHI incorporates

a measure of the degree of similarity between the pristine community and the actual
community [37]. BHI ranges from 0 (poor) to 10 (good). Reference communities are usually
determined by establishing the normal range of fish community components (e.g., presence
and absence of taxa in the most unimpaired waters representative of the considered area or
region). Although BHI results in a useful tool for condensing information on estuarine fish
assemblages into a single numerical value, it is based exclusively on presence/absence data
and does not consider the relative proportions of the various species present. In particular,
BHI incorporates measures of “health” and “importance” of an estuary and combines them
into a single index. “Health” is the measure of the degree to which the current condition of
an estuary deviates from the reference conditions; “importance” measures how much the
current condition of an estuary contributes to the whole region’s condition [28].

5.7.3. Estuarine Biotic Integrity Index (EBI)
The Estuarine Biotic Integrity Index (EBI) measures the impact of anthropogenic

alterations on the ecosystem in relation to the status of higher trophic levels [28,75]. The
EBI includes eight metrics:
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• Total number of species;
• Dominance;
• Fish abundance (number or biomass);
• Number of nursery species;
• Number of estuarine spawning species;
• Number of resident species;
• Proportion of benthic-associated species;
• Proportion of abnormal or diseased fish.

5.7.4. Estuarine Fish Recruitment Index (FRI)
The Estuarine Fish Recruitment Index (FRI) uses information on fish populations

to assess changes in habitat suitability, especially the availability of nursery areas for
marine migrant fish. The FRI is a management-directed index based on the integration
of three key information sets. The first set scores information on the dependency of
marine fishes on a particular estuarine habitat and whether any of those fishes is endemic
to the considered region or not. The second information set is the highest peak in
the immigration period for a particular species (optimal recruitment score). The third
information set incorporates known environmental requirements for the recruitment of
young of the year (YOY) marine fish [28].

5.8. Other Potential Ecological Indicators
In the literature, hundreds of potential ecological indicators can be found. One example

is the New Index of the Ecological Status of Fish Communities (NISECI) defined by the
Italian Higher Institute for Protection and Environmental Research (ISPRA). In particular,
this is a multi-metric index based on the following three metrics [76]:
• Presence/absence of indigenous species;
• Biological condition of native species populations;
• Presence of alien or hybrid species, structure of the related populations, and numerical

ratio with respect to indigenous species.
Here, we summarized the most commonly used fish ecological indicators to assess

changes in populations and ecosystems (Table 5). Their application (see examples in
Section 5.7) spans from research to management, from impact assessment to recruitment
sources identification and provides outcomes as both scientific papers and scientific reports,
sustaining knowledge advances, information, and management.

Table 5. Summary table of the main indicators considered, their respective original references, and
target environment.

Ecological Indicator Original Reference Target Environment

Fish population features [42] all
Species diversity [45] all

Body size and Trophic ecology [53] all
Mean Trophic level (TLm) [61] all

Fishing in balance (FiB) [64] pelagic
Primary production Required (PPR) [18] pelagic

Biological Integrity Index (IBI) [31] pelagic
Marine Fish Community Index (MFCI) [69] pelagic

Estuarine Community Degradation Index (CDI) [36] estuarine
Estuarine Biological Health Index (BHI) [37] estuarine

Estuarine Biotic Integrity Index (EBI) [75] estuarine
Estuarine Fish Recruitment Index (FRI) [28] estuarine
New Index of the Ecological Status of

Fish Communities (NISECI) [76] freshwater
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6. Qualities of Ecological Indicators

Challenges in the evaluation of the ecosystem status are:
• Characterizing the features of a pristine ecosystem objectively;
• Unavailability of historical data to examine long-term trends;
• Restricted spatial extent of studies;
• Separating natural fluctuations in the system from other long-term trends;
• Lack of appropriate analytical methods, which can all be highly subjective because

they are different for every case and based on the researchers’ skills.
In practice, it is difficult to identify benchmarks and critical levels [77]. The use of

reference values is often required, such as in the Water Framework Directive [78]. The
reference conditions should be determined by a physical and ecological comparison with
(i) pristine control areas, which are often hard to find due to the widespread human foot-
print; (ii) by hind-casting, which requires adequate past data; (iii) by predictive modelling,
which requires adequate empirical or stochastic models; (iv) by expert judgement, however
subjective and difficult to quantify [28].

In the absence of any distinct and fixed reference levels for ecosystem indicators,
reference directions can be considered for an approximate evaluation of recent ecosystem
patterns [79]. When using ecological indicators applied to fisheries, a major weakness of
most indicators is the difficulty in distinguishing the response to fishing impacts from other
ecological and biological stressors that can cause a response in the indicator [20]. Indicators
must have an evident and demonstrable cause-effect link with the investigated impact, but
it is not always easy to identify such a link, especially in community-level indicators [80].
Consequently, a progressive rank of indicators [81] or ‘holistic suite’ of indicators [82] which
apply to various levels of the ecological organization—species, population, community,
and ecoregion—have to be considered in conjunction with measures about fishing impacts
on the ecosystem.

Regarding the feasibility of developing indicators for the management of marine
resources, during the Paris Symposium in 2004, many conclusions have been drawn [60,83]:
• Defining and implementing indicators can be achieved with present knowledge, data,

and frameworks;
• No single indicator can describe all aspects of an ecosystem and its dynamics; a suite

of indicators covering different datasets, fish groups, and ecological processes should
be used;

• Global effects of environmental change (e.g., regime shifts) on higher trophic levels
are not well captured by the individual use of most indicators, further highlighting
why the use of indicators suites is highly recommended;

• High trophic level indicators (e.g., birds, marine mammals) summarize changes in fish
communities, with top-down effects that can be quantified using tropho-dynamic indicators;

• Size-based indicators are useful to characterize fish community dynamics in the context
of overexploitation;

• Ecosystem-based indicators are conservative, meaning they can detect changes only if
the ecosystem is strongly affected, while trends and rapid changes must be evaluated
by research and monitoring in the study area;

• Interpretation of indicators requires scientific expertise due to potential mistakes and
biases in the analyses. Strong feedback between scientific experts and decision-makers
is necessary to improve indicators and their practical use.
Aiming to develop more sustainable fisheries and to integrate the exploitation ef-

fects on ecosystems, the elaboration of an ecosystem approach to fisheries (EAF) needs
appropriate guidelines to evaluate the status of a disturbed ecosystem.

The IndiSeas workgroup, in 2010 [79], drew the steps that the scientific community as
a whole should take to make EAF a reality at a global level:
• Combining and integrating multi-disciplinary indicators, including indicators of cli-

mate, ecological, and human dimensions, would provide a complete characterization
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of change in the studied area. Integration should be quantitative to compare, classify,
and rank the status of exploited marine ecosystems. It should also be graphical and
easy to obtain in order to communicate the ecosystem status to a broad spectrum of
stakeholders and the public;

• Developing a synergy between model- and data-based approaches in order to know
the performance of an indicator, its sensitivity, specificity, and its reference levels. This
will also allow ecosystem indicators to be tested in changing scenarios of global change
and fisheries management;

• Using research survey data.

7. Molecular Tools Advances

Despite the robustness and reliability of all the aforementioned indicators, the urgent
need to intensify and expand the range of monitoring programs led to the investigation of
new and innovative tools for monitoring the ichthyofauna. Environmental DNA (eDNA)
metabarcoding is now considered extremely promising in biomonitoring thanks to its ease
of applicability and reproducibility. This method consists in sequencing the DNA extracted
from environmental samples, such as water or sediment, to identify the species inhabiting
that environment through molecular markers. Such a technique was already applied in
the past, though restricted to the identification of microbial and fungal communities. The
turning point was the realization that also eukaryotes, by shedding cells and releasing
biological material into the environment, can be identified through this technique [84–86].

7.1. The Use of eDNA for Large-Scale Biomonitoring
eDNA metabarcoding is being increasingly used for biomonitoring [87,88], tracking

alien and rare species [89–91], and assessing trophic levels [92,93]. There are several
reasons why this method substitutes or complements traditional monitoring methods, as
summarised in Table 6.

The application of molecular barcoding is characterized by three main aspects: the
choice of one or more target genes, the choice of suitable primers, and the choice of
sequencing platforms.

The key feature in the application of eDNA metabarcoding for ecological status as-
sessment was the identification of the so-called molecular barcodes and the creation of the
Barcode of Life database. Barcodes are defined as short molecular fragments of conserved
genes that allow the identification up to, and sometimes beyond, species level, and they
are available to any user worldwide via public repositories such as GenBank and BOLD
Systems [94,95]. A suite of different barcodes can be selected depending on the target
organism. For example, a region of about 650 base pairs of the mitochondrial Cytochrome
Oxidase subunit I (COI) gene is widely used as a barcode for animals. The commonly used
marker gene for fish is the ribosomal gene 12S. Other marker genes are the ribosomal genes
16S for prokaryotes, the nuclear ribosomal internal transcribed spacers 1 and 2 (ITS) for
fungi, and two plastid genes—the maturase-coding gene (matK) and the large subunit of
ribulose 1,5-bisphosphate carboxylase-coding gene (rbcL)—for plants [96]. These target
genes can be used either independently or simultaneously to improve resolution.

The second aspect of the application of molecular identification is the proper choice
of primers for the amplification of the marker gene. Usually, universal primers are pre-
ferred over species-specific primers because they allow the amplification of different target
organisms and, thus, the detection of multiple species at once. Universal primers have
the peculiarity of being composed of a partially degenerated sequence that can bind to
different templates in spite of a few mismatches. The choice of primers strongly influences
the depth and scale of the results. Therefore, primers selection is tightly tangled to the
environment and species under study. For this reason, increasing efforts in the scientific
community have been put into validating different primers and publishing their sequences
together with the resulting barcodes [97–99].
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Table 6. Main advantages of eDNA metabarcoding over traditional monitoring methods.

Rapid and non-destructive sampling It overcomes the problem of finding hard-to-detect species and the risk of disturbing
the species under study.

Straightforward identification
The uniqueness of the genetic material allows reasonable species identification, which
can often be skewed by morphological traits, overcoming the difficulty in identifying

different life stages.

Standardization of methods
It can be applied universally across different taxa within environments. Samples are
extracted and processed independently from the species under study, overcoming

species-specific sampling and detection methods.

Fast tool for biomonitoring
It requires only a few days for field sampling and lab-based work, such as DNA

extraction, polymerase chain reaction (PCR) and high-throughput sequencing (HTS),
by a single researcher.

Historical data estimation

DNA is known to persist for a long time in the environment, mainly when
incorporated in sediment or ice cores and is not exposed to UV light. Therefore, it can

provide information on ancient and extinct species, allowing to answer ecological
questions on shifts in community composition, even when historical data are lacking.

The third aspect is linked to a relevant decrease in HTS cost, making it a more acces-
sible diagnostic tool for everyday research. In the past, molecular data generation was
a very costly and time-consuming task, which prevented its application, especially in
metabarcoding studies. Nowadays, a plethora of different HTS platforms, such as Illumina,
PacBio, and Ion-torrent, among others, can be chosen depending on the study aim [100,101].
Currently, Illumina MiSeq is the most used platform, especially in fish diversity studies,
thanks to its depth and resolution [102–104]. Furthermore, the millions of sequences that
are generated can be filtered and refined with the use of publicly available software pack-
ages, such as QIIME and OBITools. This process allows the clustering of sequences into
molecular operational taxonomic units (MOTUs) or amplicon sequence variants (ASVs)
and subsequent automated taxon annotation [105].

7.2. eDNA Metabarcoding for Assessing Fish Diversity and Abundance
Thomsen et al. [103] were the first to apply eDNA metabarcoding to infer fish diversity

in a marine environment by amplifying a 100 bp fragment of the cytochrome b codifying
gene. A few years later, Yamamoto et al. [106], to monitor Trachurus japonicus in Maizuru
Bay, demonstrated that eDNA quantity proportionally correlates to fish biomass detected
through echo sounder technology. From that moment on, eDNA metabarcoding has been
widely applied in coastal marine environments to infer fish species richness, abundance,
and distribution [107–110]. A wide range of studies has also been performed to identify
primer sets suitable for fish identification by eDNA metabarcoding. Specifically, a set
of universal PCR primers called MiFish-U/E was developed. These primers target a
hypervariable region of the 12S rRNA gene and were designed using an alignment of
sequences from 880 different fish species [111]. This primer set has been efficiently used
in eDNA studies in both freshwater and marine systems [112–116]; instead, in specific
estuarine sites, the 12S primers called Riaz_12S primer set were the most effective for eDNA
metabarcoding of fishes [117].

Interestingly, eDNA studies were able to recover seasonal variation in marine fish
communities [118], facilitate fish biodiversity surveys in the deep ocean [119], monitor
the effects of river barrier removal on fish community composition [120], and unveil fish
community shifts in temperate lotic ecosystems [121].

The main controversy that still remains to be solved is whether eDNA can quantita-
tively reflect fish abundance, which is important, especially in monitoring specific envi-
ronments like those subjected to fishing activities. In fact, some studies show that eDNA
proportionally correlates with or even improves traditional monitoring methods [122–125],
while others found no correlation or discrepancies in species composition [126–129]. This is
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probably due to different factors affecting both molecular and traditional survey methods.
On the one hand, eDNA rates could be affected by abiotic factors, such as temperature
and acidity [130,131], but also by the size of the target organism, which can influence
DNA excretion rates [132]. On the other hand, traditional monitoring is not always able to
detect less abundant or hard-to-detect species, is often limited to specific physic-chemical
zones and can fail to provide early warnings [133]. Altogether, both methods have unique
capabilities that need to be thoroughly addressed before deciding if they can be applied
individually or simultaneously when assessing the fish assemblage of a given ecosystem.

7.3. Current Limitations and Future Prospects
Molecular identification is subjected to some limitations.

(1) Incompleteness of DNA barcode reference libraries. Despite large molecular data
being generated in metabarcoding studies, the sequences generated can be associated
with a given taxon only if reference sequences are in repositories. Several studies
have quantified the gaps in relation to different taxa and environments to improve
molecular identification [21,134,135]. Weigand et al. [136] revealed that coverage
differs among geographical areas and taxa, with fishes being the most barcoded
and molluscs and diatoms the least. However, the majority of barcodes for fish
are represented by the COI sequence, which is less reliable compared to 12 s in
metabarcoding studies [116,137].

(2) Inability to provide information on phenotypical traits such as size, sex, age, and
viability. However, the scientific community is already exploring new ways to over-
come this problem. For example, targeting sex chromosome markers could potentially
estimate the sex of individuals and their ratio; targeting methylation sites could give
insights into the age of the target organisms and into the presence of environmental
stressors; and targeting eRNA instead of eDNA could narrow the identification only
to organisms that are alive at the sampling time. The main shortcomings of these
approaches are that not all organisms present a chromosome-dependent sexual deter-
mination, that methylation patterns vary among tissue types, and that eRNA is more
difficult to retrieve due to its high instability and fast degradation rate [138]. Nonethe-
less, the possibility of fine-tuning these techniques could broaden the application of
molecular detection not only to the estimation of species composition and abundance
but also to physiological features.

8. Accessibility to Information Repositories

General and accessible repositories are needed. Open access information is currently
required by several research funding agencies, including the EU. Yet, the development
of species and communities’ data lies well behind the molecular repositories. Programs
for legacy data rescue have been launched [139], but efforts are unfortunately limited in
this sense. Although the request for Findable, Accessible, Interoperable, and Reusable
(FAIR) data will surely support the background of work on fish indicators, the use of
standards remains a milestone in data provision and storage. It is important to develop
standardized methods in order to connect past, present, and future records and to apply
ecological indicators in a meaningful way. Current major standards are represented by
those proposed in the Darwin Core approach for biodiversity, which also applies to specific
issues, such as alien species in FishBase. The path towards establishing FAIR data is still
long, yet the vision backing those repositories represents a milestone in the approach to
biodiversity records for the benefit of the broadest range of users, including managers and
policy-makers at all levels.

9. Adoption and Inter-Calibration of Ecological Indicators on Fish Fauna in
European Countries

The European Union Water Framework Directive—WFD (2000/60/EC) refers to mon-
itoring guidelines for coastal and transitional water ecosystems and includes indices based
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on fish for transitional waters only. The WFD generated a suite of tools for assessment,
reviewed by Birk et al. [140]. Nevertheless, the principles framing the use of fish indexes
are still valid, also a few decades after their definition.

Following the international frameworks, the information from fish-based indices can
be channelled into two different categories: surveillance and monitoring. Surveillance
targets the compliance of water bodies within the EU with reference conditions [141].

In these contexts, no new fish indices were developed, though (1) the implementation
of the directive allowed single countries to strengthen monitoring tools [142], and (2)
the integration with other groups, and the use of multiple, combined indices allows to
better tackle the intrinsic variability of systems. Along with phytoplankton, macroalgae,
seagrasses, and macroinvertebrates, fish represent biological quality elements (BQEs) to be
scored in an integrative approach to water quality assessment. They can successively be
mainstreamed into models, such as the Driver-Pressure-State Change-Impact-Response,
again with the goal of making the implementation of the directive effective in the assessment
of the EU aquatic ecosystems [143].

Different EU directives can build on synergies, and, in this context, fish-based indices
were found to be suitable for specific applications, e.g., towards conservation, bridging
the WFD with the habitat directive (92/43/CEE) [144]. The different conditions across EU
countries led to the harmonization of the WFD via Geographical Intercalibration Groups
(GIGs), defined by the similarity of the water bodies of countries within the same GIG. As in
the JRC report 88342 [145], results from intercalibrations became legally binding for member
states in 2008 and 2013: “Member States should apply the results of the intercalibration
exercise to their national classification systems in order to set the boundaries between
high and good status and between good and moderate status for all their national types”.
Intercalibration exercises include a compilation, country by country, of the fish fauna
assessment method [145] and a check of the methods at the national level for compliance at
the European Union level.

10. Conclusions

Scientists and decision-makers need simple yet scientifically reliable methodologies to
measure human pressures and recovery processes. The capability to evaluate the status of
complex systems accurately and easily is key to effectively informing stakeholders.

Management of aquatic ecosystems raised the need for simple and reliable indicators of
ecosystem status and functioning. Many indicators and evaluation tools have been selected,
tested, and used to detect and track the properties and the dynamics of an ecosystem in a
simple yet reliable way to inform management in different areas.

Every single index or ecological indicator has its own strengths and limitations that
may make it useful or not, depending on the habitat under study and its features and
components. It is unlikely that just one biological metric could be able to adequately
capture the complexity and dynamics of any aquatic ecosystem, and that is why it is highly
recommended to use a suite of different indicators.
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