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Introduction 

Diatoms are among the most diverse and ecologically informative groups of 

microscopic algae in aquatic ecosystems. They occur in marine and 

freshwater habitats and contribute substantially to primary production, 

carbon fixation, nutrient cycling, and aquatic food webs. Their rapid 

responses to environmental change and species-specific ecological 

preferences have also made them central to freshwater biomonitoring and 

ecological-status assessment (B-Béres et al. 2023; Rimet 2012; Almeida et 

al. 2014). 

Traditional diatom assessment relies on light microscopy and the 

morphology of siliceous valves. This approach provides direct taxonomic 

evidence and continuity with established monitoring systems, but it is 

labour-intensive, requires specialist expertise, and examines only a limited 

number of valves per sample. Rare, weakly silicified, cryptic, or 

morphologically similar taxa can therefore be missed or incompletely 

resolved (Pawlowski et al. 2016; Kermarrec et al. 2013). 

At the same time, freshwater biodiversity is under increasing pressure 

from pollution, land-use change, eutrophication, salinization, 

hydromorphological alteration, habitat fragmentation, and climate-related 

disturbances (Reid et al. 2019). Rare species are particularly vulnerable, yet 

their ecological roles remain poorly understood in microbial and algal 

communities (Violle et al. 2017; Jousset et al. 2017). In benthic diatoms, 

rarity may reflect low population size, habitat specialization, restricted 

geographic distribution, or combinations of these characteristics. 

DNA metabarcoding offers a complementary perspective. By sequencing 

selected genetic markers from environmental samples, it can process 

complex communities at high throughput, improve the detection of low-

abundance taxa, and retain fine sequence-level variation through amplicon 

sequence variants (ASVs) (Keck et al. 2022; Callahan et al. 2016). 

However, molecular results remain influenced by marker choice, reference-

library completeness, laboratory protocols, bioinformatic processing, and the 

imperfect relationship between sequence reads and organism abundance 

(Rimet et al. 2019). 
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Introduction 

This dissertation addresses these linked challenges through three 

complementary components. The first synthesizes the development, 

applications, and methodological limitations of diatom DNA metabarcoding. 

The second examines the ecological significance of rare benthic diatom taxa 

using a multidimensional rarity framework in a river network. The third 

directly compares phytobenthos microscopy, diatom microscopy, and 

diatom DNA metabarcoding to determine how methodological choice 

affects biodiversity estimates and the detection of environmental responses. 

The central perspective of the dissertation is that microscopy and 

metabarcoding should not be treated as competing approaches. Microscopy 

remains essential for morphological interpretation, taxonomic continuity, 

and compatibility with established assessment systems. Metabarcoding 

increases detection sensitivity and can reveal cryptic or low-abundance 

diversity that is difficult to observe microscopically. Their combined use 

provides a broader basis for understanding diatom diversity, rarity, and 

community-environment relationships (Keck et al. 2022; Bailet et al. 2020). 

A second unifying theme is that biodiversity cannot be represented 

adequately by dominant taxa or species richness alone. Rare species can 

contribute strongly to spatial turnover, beta diversity, and community 

structure (Jousset et al. 2017; Violle et al. 2017). By integrating 

methodological evaluation with rarity ecology and environmental-gradient 

analysis, the dissertation provides a coherent assessment of how diatom 

biodiversity can be measured and interpreted more effectively. 
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Aims 

The overall aim of this dissertation was to improve understanding of diatom 

diversity, rarity, and environmental responses through complementary 

microscopic and molecular approaches. 

• Evaluate the development, methodological variability, applications, and 

remaining limitations of diatom DNA metabarcoding, with particular 

attention to taxonomic detection, reference libraries, bioassessment, and 

methodological standardization. 

• Investigate the ecological significance of rare benthic diatom species in 

river networks by classifying different forms of rarity and assessing their 

contribution to community variability, beta diversity, and ecological 

network structure. 

• Compare phytobenthos microscopy, diatom microscopy, and diatom 

DNA metabarcoding in their ability to characterize biodiversity and 

reveal community responses to environmental gradients. 

These three objectives correspond directly to the three main chapters of the 

dissertation and provide the basis for the thesis points presented in the 

results section of this booklet. 
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Dissertation Methodology 

The dissertation combines systematic literature synthesis with river-network 

community ecology and a direct comparison of morphological and 

molecular identification approaches. The three components are linked by a 

common question: how can diatom biodiversity be described more 

completely and interpreted more effectively in relation to ecological 

conditions? 

 

Figure 1. Overall conceptual structure of the dissertation. 

Section 3 used a systematic literature search to characterize the global 

development of diatom DNA metabarcoding and to compare methodological 

choices across studies. The synthesis considered sampling and preservation, 

DNA extraction, barcode markers, sequencing technologies, bioinformatic 

pipelines, reference libraries, taxonomic correspondence with microscopy, 

ecological assessment, and other applications (Pawlowski et al. 2018; Bailet 

et al. 2020). 
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Dissertation Methodology 

Section 4 examined rare benthic diatom species across a Central 

European river network using microscopy-derived community data. Rarity 

was classified along three dimensions: population size, habitat specificity, 

and geographic range. Rare and common subcommunities were then 

compared in terms of community variability, beta diversity, species 

replacement, and ecological network position. 

Section 5 compared three biological datasets generated from the same 

river-network system: phytobenthos microscopy, diatom microscopy, and 

diatom DNA metabarcoding. The analyses evaluated taxonomic inventories, 

within-sample richness, Shannon diversity, agreement in relative abundance 

for shared taxa, environmental gradients, diversity-environment 

relationships, and community-environment co-structure. 

For the molecular dataset, sequence reads were processed to infer ASVs 

using the DADA2 framework (Callahan et al. 2016) and assign taxonomy 

using the curated diat.barcode reference library (Rimet et al. 2019). 

Environmental data were summarized using principal component analysis, 

while co-inertia analysis was used to compare the strength of community-

environment relationships among the three biological datasets. 
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Dissertation studies 

Environmental DNA Metabarcoding of Diatoms: A Next-

Generation Tool for Aquatic Biodiversity and Bioassessment 

This review synthesizes the development of diatom DNA metabarcoding 

from field sampling to ecological interpretation. It evaluates geographical 

patterns in published research, common sampling matrices and habitats, 

DNA extraction procedures, marker selection, sequencing technologies, 

bioinformatic pipelines, reference libraries, and the correspondence between 

molecular and morphological inventories. It also examines applications in 

ecological-status assessment and identifies the main barriers to broader 

routine implementation. 

Role of rare species in benthic diatom communities: patterns, 

processes and networks 

This study investigates rarity as a multidimensional ecological property 

rather than a simple abundance threshold. Benthic diatom species were 

classified according to population size, habitat specificity, and geographic 

range, and the resulting rare subcommunities were compared with common 

taxa. The study evaluates how rare species contribute to community 

variability, beta diversity, species replacement, and the structural 

organization of ecological networks. 

Using complementary approaches to study diatom diversity and 

its environmental drivers 

This study compares phytobenthos microscopy, diatom microscopy, and 

diatom DNA metabarcoding within the same environmental framework. It 

evaluates how the three approaches differ in recorded taxonomic 

inventories, within-sample diversity, abundance relationships, and 

sensitivity to environmental gradients. The study also tests which dataset 

shows the strongest overall co-structure with measured environmental 

variables.  
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Results 

Thesis I 

I showed that diatom DNA metabarcoding has developed into a 

powerful but methodologically heterogeneous approach for biodiversity 

assessment and biomonitoring. 

A systematic analysis of 128 publications demonstrated that research 

activity is geographically uneven and concentrated mainly in Europe, North 

America, and East Asia. River biofilms, the rbcL barcode, silica-column 

extraction methods, Illumina sequencing, and increasingly ASV-based 

bioinformatic processing form the dominant methodological framework, but 

substantial variation remains among studies. 

The synthesis showed that disagreements between microscopy and 

metabarcoding are systematic rather than random. Metabarcoding generally 

detects higher richness within individual samples, whereas microscopy may 

recover a larger cumulative regional species pool. Agreement is strongest 

for abundant and frequently occurring taxa, while discrepancies are 

concentrated among rare, cryptic, weakly silicified, morphologically similar, 

or genetically unrepresented taxa (Kulaš et al. 2022; Pérez-Burillo et al. 

2020). 

These findings support the interpretation of microscopy and 

metabarcoding as complementary rather than interchangeable approaches. 

Wider routine application of metabarcoding will depend on improved 

reference libraries, harmonized laboratory and bioinformatic protocols, and 

more robust treatment of sequence-read abundance (Rimet et al. 2019; 

Bailet et al. 2020; Pawlowski et al. 2018). 

  



8 

Results 

Thesis II 

I demonstrated that rare benthic diatoms are major contributors to 

spatial community organization rather than incidental components of 

biodiversity. 

Of 409 recorded species, 204 were rare according to at least one 

dimension. Small population size was the most frequent form of rarity, 

while many rare taxa were also habitat specialists or geographically 

restricted. Eighty-two species fulfilled all three rarity criteria and were 

classified as absolutely rare. 

Rare species contributed disproportionately to community variability. 

Depending on the rarity category, rare subcommunities showed 

approximately 25-50% greater variability than their complementary sets of 

common species. Beta diversity was also strongly associated with rare taxa 

and was driven mainly by species replacement, particularly among habitat 

specialists and geographically restricted species. 

Network analysis showed that numerical rarity did not imply structural 

insignificance. Rare species represented approximately 79-82% of core taxa 

in the diatom association network, indicating that low-abundance or 

restricted species can occupy central structural positions in community 

organization. This is consistent with the broader view that the rare biosphere 

can make important contributions to ecosystem organization and resilience 

(Jousset et al. 2017). 
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Results 

Thesis III 

I showed that estimates of benthic algal diversity and environmental 

response are strongly method-dependent, and that ASV-based 

metabarcoding provides particularly sensitive ecological information. 

The three-way comparison demonstrated that diatom metabarcoding 

produced the highest within-sample richness, diatom microscopy produced 

intermediate estimates, and phytobenthos microscopy produced lower 

diatom-focused richness while representing a broader range of algal groups. 

The taxonomic inventories overlapped only partially, confirming that no 

single approach provided a complete representation of the community. 

For taxa detected by both microscopy and metabarcoding, abundance 

relationships were taxon-specific. Strong rank correlations occurred for 

several abundant and frequently detected species, whereas weak or 

inconsistent relationships were more common among low-abundance taxa. 

Relative sequence-read abundance therefore cannot be treated as a universal 

substitute for microscopic valve counts (Kulaš et al. 2022; Pérez-Burillo et 

al. 2020). 

Community-environment coupling was strongest for ASV-level 

metabarcoding. Co-inertia analysis produced RV coefficients of 0.36 for 

metabarcoding, 0.27 for diatom microscopy, and 0.19 for phytobenthos 

microscopy, with all relationships significant. Shannon diversity based on 

diatom ASVs also showed the best-supported response to the main 

environmental gradient. 
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Results 

Overall scientific contribution 

Taken together, the dissertation demonstrates that diatom biodiversity and 

ecological responses cannot be fully characterized by a single identification 

method or by focusing primarily on dominant species. Microscopy preserves 

morphological evidence and continuity with established monitoring 

frameworks, whereas DNA metabarcoding increases within-sample 

detection sensitivity and retains fine sequence-level variation. Rare taxa, 

meanwhile, contribute substantially to spatial turnover, beta diversity, and 

network structure. 

The combined findings support an integrated biomonitoring perspective in 

which morphology-based and molecular datasets are interpreted according 

to their respective strengths. This approach can improve biodiversity 

characterization while also increasing sensitivity to environmentally 

structured patterns (Almeida et al. 2014; Pawlowski et al. 2018). 

Correspondence with the aims 

• Objective 1 - evaluated through Thesis I: development, applications, 

methodological variability, and limitations of diatom DNA 

metabarcoding. 

• Objective 2 - evaluated through Thesis II: rarity types and the 

contribution of rare species to variability, beta diversity, and network 

structure. 

• Objective 3 - evaluated through Thesis III: comparative biodiversity 

estimates and community-environment relationships across microscopy 

and metabarcoding datasets. 

  



11 

Publication list 

[1] Abubaker, B., Stenger-Kovács, C. & Tapolczai, K. (2026). Using 

complementary approaches to study diatom diversity and its 

environmental drivers. Ecological Indicators, 187, 114970. 

https://doi.org/10.1016/j.ecolind.2026.114970. 

[2] Stenger-Kovács, C., Korponai, J., Abubaker, B. et al. (2025). Role of 

rare species in benthic diatom communities: patterns, processes and 

networks. Biodiversity and Conservation, 34, 2095-2118. 

https://doi.org/10.1007/s10531-025-03063-4. 

[3] Lengyel, E., Abubaker, B., B-Béres, V., Udovič, M. G., Grmasha, R. A., 

Hubai, K., et al. (2025). Ecological drivers of rarity and commonness in 

freshwater benthic diatoms. Global Ecology and Conservation, 64, 

e03991. https://doi.org/10.1016/j.gecco.2025.e03991. 

[4] Abubaker, B., Stenger-Kovács, C., Rimet, F., & Tapolczai, K. 

Environmental DNA metabarcoding of diatoms: A next-generation tool 

for aquatic biodiversity and bioassessment. Metabarcoding and 

Metagenomics. 

Selected conference contributions 

• Using complementary approaches to study the environmental drivers of 

diatom diversity - 27th International Diatom Symposium, South Africa, 

2025. 

• Environmental drivers of diatom diversity: insights from DNA 

metabarcoding - AquaEcOmics Conference, France, 2025. 

• Responses of benthic algae to environmental constraints using different 

identification approaches - 3rd International Conference: Lakes & 

Reservoirs: Hot Spots and Topics in Limnology, Poland, 2024. 

  



12 

Acknowledgment 

I would like to express my sincere gratitude to my supervisors, Prof. Csilla 

Stenger-Kovács and Dr. Kálmán Tapolczai, for their continuous support, 

guidance, and encouragement throughout my doctoral journey. I am deeply 

thankful for their trust, patience, and willingness to share their knowledge 

and experience with me at every stage of this work. Their academic 

guidance and constructive advice have greatly shaped this dissertation and 

my development as a researcher. I am especially grateful to them for giving 

me the opportunity to attend conferences, workshops, and scientific events 

that enriched my experience, broadened my perspective, and allowed me to 

grow both personally and professionally. These opportunities were 

invaluable for my academic development and for building connections 

within the scientific community. 

        I would also like to extend my sincere thanks to the research team, 

especially Edit Király, Rita Zsuga-Biró, Edina Lengyel, Judit Padisák, and 

Géza Selmczy, for their cooperation, support, and pleasant collaboration. 

Their help, kindness, and readiness to assist made many parts of this work 

easier and more enjoyable. I truly appreciate the positive working 

environment they helped create and their contribution throughout this 

period. 

        I would also like to express my heartfelt gratitude to Hungary for 

welcoming me during my doctoral journey and for giving me the 

opportunity to continue my studies in a supportive academic environment. I 

am equally thankful to the Hungarian people for their kindness, hospitality, 

and respect, which made my stay here a meaningful and memorable 

experience. The years I spent in Hungary will always remain an important 

part of my personal and academic life. 



13 

References 

Almeida, S. F., Elias, C., Ferreira, J., Tornés, E., Puccinelli, C., Delmas, F., 
et al. (2014). Water quality assessment of rivers using diatom metrics 
across Mediterranean Europe: A methods intercalibration exercise. 
Science of the Total Environment, 476, 768–776. 
https://doi.org/10.1016/j.scitotenv.2013.11.144 

B-Béres, V., Stenger-Kovács, C., Buczkó, K., Padisák, J., Selmeczy, G. B., 
Lengyel, E., & Tapolczai, K. (2023). Ecosystem services provided by 
freshwater and marine diatoms. Hydrobiologia, 850, 2707–2733. 
https://doi.org/10.1007/s10750-022-04984-9 

Bailet, B., Apothéloz-Perret-Gentil, L., Baričević, A., Chonova, T., Franc, 
A., Frigerio, J.-M., et al. (2020). Diatom DNA metabarcoding for 
ecological assessment: Comparison among bioinformatics pipelines used 
in six European countries reveals the need for standardization. Science of 
the Total Environment, 745, 140948. 
https://doi.org/10.1016/j.scitotenv.2020.140948 

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. 
A., & Holmes, S. P. (2016). DADA2: High-resolution sample inference 
from Illumina amplicon data. Nature Methods, 13(7), 581–583. 
https://doi.org/10.1038/nmeth.3869 

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., 
et al. (2017). Where less may be more: How the rare biosphere pulls 
ecosystems strings. ISME Journal, 11, 853–862. 
https://doi.org/10.1038/ismej.2016.174 

Keck, F., Blackman, R. C., Bossart, R., Brantschen, J., Couton, M., 
Hürlemann, S., et al. (2022). Meta-analysis shows both congruence and 
complementarity of DNA and eDNA metabarcoding to traditional 
methods for biological community assessment. Molecular Ecology, 
31(6), 1820–1835. https://doi.org/10.1111/mec.16364 

Kermarrec, L., Franc, A., Rimet, F., Chaumeil, P., Humbert, J.-F., & 
Bouchez, A. (2013). Next-generation sequencing to inventory taxonomic 
diversity in eukaryotic communities: A test for freshwater diatoms. 
Molecular Ecology Resources, 13(4), 607–619. 
https://doi.org/10.1111/1755-0998.12105 

Kulaš, A., Gligora Udovič, M., Tapolczai, K., Žutinić, P., Orlić, S., & 
Levkov, Z. (2022). Diatom eDNA metabarcoding and morphological 
methods for bioassessment of karstic river. Science of the Total 
Environment, 829, 154536. 
https://doi.org/10.1016/j.scitotenv.2022.154536 

Pawlowski, J., Lejzerowicz, F., Apothéloz-Perret-Gentil, L., Visco, J., & 
Esling, P. (2016). Protist metabarcoding and environmental 



14 

biomonitoring: Time for change. European Journal of Protistology, 55, 
12–25. https://doi.org/10.1016/j.ejop.2016.02.003 

Pawlowski, J., Kelly-Quinn, M., Altermatt, F., Apothéloz-Perret-Gentil, L., 
Beja, P., Boggero, A., et al. (2018). The future of biotic indices in the 
ecogenomic era: Integrating (e)DNA metabarcoding in biological 
assessment of aquatic ecosystems. Science of the Total Environment, 
637, 1295–1310. https://doi.org/10.1016/j.scitotenv.2018.05.002 

Pérez-Burillo, J., Trobajo, R., Vasselon, V., Rimet, F., Bouchez, A., & 
Mann, D. G. (2020). Evaluation and sensitivity analysis of diatom DNA 
metabarcoding for WFD bioassessment of Mediterranean rivers. Science 
of the Total Environment, 727, 138445. 
https://doi.org/10.1016/j.scitotenv.2020.138445 

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, 
P. T., et al. (2019). Emerging threats and persistent conservation 
challenges for freshwater biodiversity. Biological Reviews, 94(3), 849–
873. https://doi.org/10.1111/brv.12480 

Rimet, F. (2012). Recent views on river pollution and diatoms. 
Hydrobiologia, 683(1), 1–24. https://doi.org/10.1007/s10750-011-0949-0 

Rimet, F., Gusev, E., Kahlert, M., Kelly, M. G., Kulikovskiy, M., Maltsev, 
Y., et al. (2019). Diat.barcode, an open-access curated barcode library for 
diatoms. Scientific Reports, 9(1), 15116. https://doi.org/10.1038/s41598-
019-51500-6 

Violle, C., Thuiller, W., Mouquet, N., Munoz, F., Kraft, N. J., Cadotte, M. 
W., et al. (2017). Functional rarity: The ecology of outliers. Trends in 
Ecology & Evolution, 32(5), 356–367. 
https://doi.org/10.1016/j.tree.2017.02.002 


