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The European Water Framework Directive 2000/60/EC (WFD) has been implemented over the past 20 years, using

physicochemical, biological and hydromorphological elements to assess the ecological status of surface waters. Benthic

diatoms (i.e., phytobenthos) are one of the most common biological quality elements (BQEs) used in surface water

monitoring and are particularly successful in detecting eutrophication, organic pollution and acidification. Herein, we

reviewed their implementation in river biomonitoring for the purposes of the WFD, highlighting their advantages and

disadvantages over other BQEs, and we discuss recent advances that could be applied in future biomonitoring. Until now,

phytobenthos have been intercalibrated by the vast majority (26 out of 28) of EU Member States (MS) in 54% of the total

water bodies assessed and was the most commonly used BQE after benthic invertebrates (85% of water bodies),

followed by fish (53%), macrophytes (27%) and phytoplankton (4%). To meet the WFD demands, numerous taxonomy-

based quality indices have been developed among MS, presenting, however, uncertainties possibly related to species

biogeography. Recent development of different types of quality indices (trait-based, DNA sequencing and predictive

modeling) could provide more accurate results in biomonitoring, but should be validated and intercalibrated among MS

before their wide application in water quality assessments.
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1. Background

The degradation of water quality in Europe has forced the European Parliament to establish the Water Framework

Directive (WFD) (2000/60/EC) which required that EU Member States (MS) should achieve “good ecological status” and

“good chemical status” of surface waters by 2015 . This goal was difficult to achieve for a significant proportion of water

bodies, so the European Commission allowed the extension of the deadline up to 2027 or beyond . This extension

highlights the complexity of the factors ruling “ecological status” and the need to better define the metrics used.

“Ecological status” is expressed as an ecological quality ratio (EQR = observed/reference) into five scale-status classes

(high, good, moderate, poor and bad), depending on the scale of deviation from reference conditions, where 0

corresponds to maximum deviation (i.e., bad) and 1 corresponds to no deviation (i.e., high) . Ecological status is based

on biological quality combined with physicochemical and hydromorphological quality, for an integrated assessment. In

rivers, the main biological quality elements (BQEs) used, so far, are benthic invertebrates, phytobenthos, fish,

macrophytes and phytoplankton. The WFD suggests that European MS should use all BQEs in ecological quality

assessment of their surface waters, as each group represents specific responses to various pressures related to their

habitat requirements and lifecycle  and expects a reason in the case where this is not true. Biological quality is

then derived by implementing a “one-out, all-out” approach, whereby the BQE with the lowest performance should be

retained for the assessment . Not all MS apply all BQEs, as this could depend on the water types, the BQEs traditionally

used for biomonitoring and the expertise of the involved researchers. Benthic invertebrates and phytobenthos (i.e., mostly

benthic diatoms) are the most commonly used indicators for the evaluation of river quality in Europe .

Undoubtedly, the implementation of the WFD over the last twenty years changed biomonitoring of European aquatic

ecosystems significantly. Nevertheless, there is still room for development and improvement of the monitoring system

according to the requirements of the WFD. This is essential, as the assignment of a wrong ecological status class to a

water body can have significant economic consequences . Therefore, it is imperative to find an accurate approach for

each BQE, in order to integrate them in a more holistic ecological assessment.

Herein, we review the implementation of benthic diatoms (the dominant group of the phytobenthos BQE) in river

biomonitoring for the purposes of the WFD, focusing on their advantages as bioindicators and the biological quality

metrics applied so far. We further discuss the potential of recent approaches, including trait-based metrics, DNA

sequencing and predictive modeling as tools of diatom biomonitoring. Towards this aim, we searched for all available

peer-reviewed scientific articles (using keywords WFD, diatom quality indices, benthic diatoms, diatoms as a BQE) in
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Google scholar, ResearchGate, Web of Science and PubMed. We reviewed more than 200 papers that described metrics

of surface water quality based on benthic diatoms and almost 100 of them were used for this review paper. Furthermore,

we searched in the WFD webpage (https://ec.europa.eu/ environment/water/water-framework/index_en.html, last

accessed on 29 January 2021) where intercalibration reports of all MS were uploaded and the Water Information System

for Europe (WISE) database (https://water.europa.eu, last accessed on 29 January 2021) to retrieve data for the

ecological quality of MS after the second river basin management plan.

2. Benthic Diatoms in Biomonitoring

2.1. Importance of Benthic Diatoms as Biological Indicators

Diatoms have a fundamental ecological role in aquatic ecosystems. They are key players in ecosystem functioning, being

responsible for up to 20–25% of organic carbon fixation in the planet ], also supporting primary productivity and nutrient

cycling such as phosphorus, nitrogen and silica . In freshwater ecosystems, although occasionally found

in the water column as planktic cells, they are mainly considered benthic species, i.e., attached on substrates such as

aquatic plants (epiphyton), stones (epilithon), sediments (epipelon) . In running waters, their benthic nature accounts

for responses to nutrients, and organic and inorganic micropollutants . The morphological and ecological

characteristics of benthic diatoms constitute them as one of the best bioindicators of pressures such as eutrophication,

and chemical and organic pollution , revealing, therefore, their importance in water quality assessment.

Their short lifecycle allows them to respond fast to any natural and anthropogenic disturbance, making them more

sensitive to environmental changes than other biotic groups , and highlighting their pivotal diagnostic potential. They

rapidly respond to changes of environmental parameters such as temperature, pH, salinity, organic pollutants, inorganic

nutrients and heavy metals , being sensitive both to nonpoint (e.g., agriculture)  and point-source

pollution (e.g., olive mill wastes , toxic industrial wastes ). Diatoms have the advantage to reveal pollution of heavy

metals and toxic elements at the organism level, through the occurrence of teratological forms, whereas assessment of

assemblage changes or common biological quality indices could mask possible negative effects . Their

small size (<10–200 μm in diameter or length)  and their diverse life forms, make them vulnerable, and thus potentially

good indicators of hydrological alterations on streams and rivers , responding faster than other biota .

Benthic diatoms could also be a valuable tool in ecotoxicity tests and active biomonitoring, where key species or whole

diatom assemblages could be grown on artificial substrates . Therefore, whole diatom assemblages could be

tested for toxic contaminants or other pollutants in the laboratory or in the field, providing an advantage of diatoms over

other taxa. In active biomonitoring, artificial substrates are submerged in a river site and then transferred elsewhere to test

for the effect of selected environmental parameters on assemblage structure and composition, also assessing ecological

health after remediation . On the other hand, ecotoxicological tests could expose model species from different

functional groups to river sediments collected on-site, providing important information that could be more useful in

ecological status assessment than time-consuming and costly methods defined by the WFD .

2.2. Advantages of Benthic Diatoms over Other Biological Quality Elements (BQEs)

The choice of BQE in water quality assessment depends on river type and the stressor that is known to affect it .

Benthic diatoms are advantageous over other BQEs in most habitats or for environmental stressors, making them, thus,

more useful in routine biomonitoring . A major advantage is that they can be found everywhere, in almost any

type of running water  where sufficient light is available, including fresh and marine waters, moist and terrestrial

habitats . They can be abundant in poor habitats, on hard substrates or in rivers with high flow velocity where

macroinvertebrates, macrophytes and phytoplankton (commonly used in lowland rivers), could be absent .

Due to their fast growth rate, benthic diatoms react faster to short-term hydrological changes, as opposed to

macroinvertebrates (e.g., in an intermittent river in Greece ) and macrophytes (e.g., in rivers in central and southern

Poland ).

Benthic diatoms appear to be more sensitive to nutrient enrichment, responding from low to moderate levels of

physicochemical quality degradation, compared to macroinvertebrates and fish, which respond from moderate to high

levels of physicochemical quality degradation . This occurs in both mountain and lowland water bodies in France ,

Germany and Austria , China  and in a temporary river in Greece . This might be a result of sedimentary nature

and short lifecycle of benthic diatoms compared to fish that are characterized by stronger adaptability due to their

migratory capacities and long lifecycle . Diatoms show to be more affected by toxic wastes (i.e., olive mill wastewaters)
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than invertebrates in temporary rivers in Greece  and in northwestern Spain because of sensitivity of diatom-based

indices to heavy metals . Furthermore, diatoms are more affected by diffuse pollution than benthic invertebrates,

providing a stricter ecological status in Mediterranean small-sized streams .

Important aspects of biomonitoring that should be considered when assessing different BQEs are sampling effort and

taxonomy. Sampling of benthic diatoms is relatively easy, cost efficient and with minimal impact on resident biota during

field collections , compared especially to fish sampling, where the commonly used method of electrofishing could lead

to fish deaths , whereas its efficiency is affected by turbidity and conductivity . Taxonomic identification in diatoms

is relatively easy up to genus level and even though it could be considered rather difficult on the species level, there is

sufficiently large available literature . On the other hand, macroinvertebrate taxonomy under the genus/species level

for many groups is practically impossible for routine biomonitoring .

2.3. Benthic Diatoms in the Water Framework Directive

Benthic diatoms are the dominant part of phytobenthos, one of the most common BQEs for the purpose of biological

assessment in the WFD . During the second river basin management plan, a total of 65,284 water bodies from 28

countries were classified into a biological quality class using the ”one-out, all-out” approach on the BQEs used in each

water body . The most used BQE was benthic invertebrates, applied in almost 85% of water bodies, followed by

phytobenthos (54%), fish (53%), macrophytes (27%) and phytoplankton (4%) (Figure 1). Data for phytobenthos were

derived from 23 countries; as for the other five countries—accounting for the 13.5% of the total water bodies assigned to a

biological quality class—data were not available in the WISE database. This could be a result of late compliance of these

countries to the WFD objectives (e.g., intercalibration reports for Denmark and Latvia were only approved in September

2020). The effort of these five countries to apply benthic diatoms in biomonitoring is also apparent by peer-reviewed

studies . Despite using data from less MS, phytobenthos was used in almost the same number of water bodies as

fish. This highlights the ubiquitous nature of benthic diatoms compared to fish, which may be absent from many water

bodies. This could be the case in intermittent rivers, where extreme natural drought events could lead local fish

populations to collapse .

Figure 1. Biological quality elements (BQEs) used in water bodies of European Member States (MS) in accordance with

the Water Framework Directive (WFD). Data from one country that uses phytobenthos are not available in WISE

Database. Source: WISE Database, 2021.

Almost 40% of river water bodies are classified as high and good, and 60% in moderate, poor and bad ecological status,

based on the one-out/all-out principle (Figure 2). Phytobenthos seems to overestimate the ecological status, classifying

more than 70% of water bodies to good and high status, whereas fish seem to be the strictest BQE and thus the most

influential to the ecological status due to the one-out/all-out principle (Figure 2). This observation does not diminish the

importance of benthic diatoms as suitable bioindicators, but could be related to many different types of pressures in water

bodies , such as long-term hydrological and habitat alterations to which other BQEs respond better. However, it could

also be attributed to naturally poor habitats, where other BQEs are poorly represented . Furthermore, the fast recovery

of benthic diatoms  following the recovery of chemical parameters compared to other BQEs could result in

better biological quality status indicated by phytobenthos.
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Figure 2. Percentage of water bodies belonging to different quality classes following biological quality assessment in

European rivers (https://www.eea.europa.eu/themes/water/european-waters/water-quality-and-water-assessment/water-

assessments/quality-elements-of-water-bodies, last accessed on 29 January 2021) based on the one-out/all-out approach

(BQEs) and the most common BQEs. Colors show the different quality classes.

2.4. Diatom-Based Indices Used So Far in the Water Framework Directive

The need to monitor water quality has led to the development of standardized sampling protocols and assessment

methods, through single, simplified indices. The most widespread diatom-based indices used for water quality

assessment are based on classic taxonomy, up to genus and most frequently species level . These

taxonomy-based diatom indices are based on diatom assemblage composition and relative abundance. The main concept

behind their development is the fact that each species has specific environmental requirements and has a different extent

of occurrence (indicator value) and a different sensitivity to pollution (sensitivity value). Most of the indices that have been

developed are based on the Zelinka and Marvan (1961) formula, which accounts for the relative abundance of each

species along with its indicator and sensitivity values, based on the saprobic status of the system. Other indices focus on

trophic pollution, organic pollution, acidification or heavy metal pollution .

MS are using previously developed taxonomic indices for water quality assessments that have been intercalibrated

among the MS. This enabled the use of common indices, despite the strong evidence that such metrics are less useful

when applied in regions other than those where species–environment relationships were originally assessed . To

overcome this biogeographic limitation, certain countries developed new indices, adapted to their own environmental

gradients and species presence.

The most valuable tool for water quality assessment and biomonitoring  based on diatoms is the OMNIDIA

software , which uses the indicative properties of diatoms and includes information on the tolerance of diatom taxa to

environmental parameters . The software is continuously upgraded and extended with new diatom-related data. The

latest version 6.0 contains a taxonomical and ecological database that includes 720 genera and 21,000 diatom species,

and calculates 18 diatom indices and 33 ecological statistics (www.omnidia.fr, accessed on 8 February 2021).

Regardless of their importance and their wide use, taxonomic indices are related to many uncertainties that could even

change the result of the water quality assessment. This could be more important in the case of sites between the good–

moderate quality boundaries, where misclassification could result in considerable time and money loss or insufficient

conservation . These uncertainties are partly related to the fact that diatom indices are developed for specific

geographic regions but have frequently been used in others . The most prominent example is the case of the

most commonly used specific pollution index (IPS) index (developed in France but used in more than half of MS), but also

the trophic diatom index (TDI) (developed in UK but used in other three countries) and biological diatom index (BDI)

(developed in France but used in other three countries). The broad use of locally developed indices could be an issue as

species response to environmental parameters depend on geographic or habitat distributions, with different responses in

different ecoregions . This is apparent in the development of indices from different ecoregions that use different

ecological profiles for the same species . Another form of uncertainty is related to taxonomic misidentification, where

species with similar morphology might present different ecological optima. Furthermore, the presence of rare species or

species with updated taxonomy is hard to evaluate, as their ecological profiles are not clearly defined .

Soon after the implementation of WFD, its significance prompted countries outside Europe to consider adopting similar

legislations and assessment methods. Neighboring countries such as Turkey have developed their own indices for

biomonitoring, considering them as more accurate for their ecoregion (Turkey trophic index) . In North America, the US

is using biomonitoring through the Clean Water Act, whereas Canada has taken initiatives to implement a more organized
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framework to bioassessment methods already sporadically applied . In South America, Argentina has developed its

own diatom-based indices for assessing water quality (Pampean diatom index), . In Australia, phytobenthos has been

used for biological quality assessment for many years before the implementation of WFD in Europe (e.g., ); however,

there has been no governmental coordination . In Africa, South Africa has a long legacy of diatom research and use in

biomonitoring; however, greater effort is needed for organized implementation in other African countries . In Asia, the

Asian Pacific Water Summit in 2007 started a new era in water quality assessment in Asian countries  The need for

global application of bioassessments influenced by WFD is apparent; however, further discussion deviates from the scope

of the present review.

3. Recent Approaches and Future Perspectives

To overcome the restrictions of the taxonomy-based indices, nontaxonomic measures emerged recently, taking into

consideration functional traits (e.g., cell size, ecological guilds, life forms) and DNA sequences (e.g., operational

taxonomic units, exact sequence variant, individual sequence units). Furthermore, assemblage structure methods, such

as predictive models and statistical techniques (e.g., machine learning) have been developed to assess water quality

using benthic diatom assemblages against different environmental parameters.

4. Conclusions

During the last two decades, the WFD has been the main European legislation used for biological quality assessment of

surface waters. Benthic diatoms, as the dominant part of phytobenthos, were used and successfully intercalibrated by

93% of EU MS in 54% of the total water bodies during the second river basin management plan. Their sensitivity to

natural or anthropogenic disturbance, their ubiquitous nature (present in all types of natural and artificial substrates), their

easy sampling and their fast response to environmental changes render the benthic diatoms as valuable bioindicators of

biological assessment of aquatic systems.

Diatom quality indices are being implemented for the purpose of WFD, and many advances have been made in their

development over the past 20 years. However, it seems that most of these advances were made toward the same

direction, by adapting locally the same taxonomy-based indices. This resulted in more than half of the MS using the same

index (IPS) irrespective of their ecoregion, raising doubts on the accuracy of the results. Development of HTS techniques

have given a new boost in classic taxonomy-based indices, increasing the number of sequences that could be important

for water quality status and probably introducing a more accurate classification. Agreement in quality classes has been

proven high in cases tested, highlighting their future merits despite their long way before they can be generalized and

used as a standalone method rather than a complementary tool in biomonitoring.

It was not until recently that research turned to other aspects of diatom assemblages, such as quality elements (functional

traits, ecosystem processes and  -diversity approaches). These new approaches could lead biomonitoring into a new era,

by linking water quality assessment to ecosystem structure and function, thus towards the true objective of the WFD, i.e.,

a holistic ecosystem integrity approach. All of these new approaches should be validated and intercalibrated among MS,

however, before their application in future water quality assessments.
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