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Abstract

:

Diatom identification and counting by light microscopy of permanently embedded acid-cleaned silicate shells (frustules) is a fundamental method in ecological and water quality investigations. Here we present a new variant of this method based on “digital virtual slides”, and compare it to the traditional, non-digitized light microscopy workflow on freshwater samples. We analysed three replicate slides taken from six benthic samples using two methods: (1) working directly on a light microscope (the “traditional” counting method), and (2) preparing “virtual digital slides” by high-resolution slide scanning and subsequently identifying and labelling individual valves or frustules using a web browser-based image annotation platform (the digital method). Both methods led to comparable results in terms of species richness, diatom indices and diatom community composition. Although counting by digital microscopy was slightly more time consuming, our experience points out that the digital workflow can not only improve the transparency and reusability of diatom counts but it can also increase taxonomic precision. The introduced digital workflow can also be applied for taxonomic inter-expert calibration through the web, and for producing training image sets for deep-learning-based diatom identification, making it a promising and versatile alternative or extension to traditional light microscopic diatom analyses in the future.
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1. Introduction


The volume of data needed for the management and monitoring of natural resources in general has led to the digitalization of topography, hydraulics and vegetation appraisals [1,2]. In biological monitoring, one of the main biological indicators are diatoms. Diatoms are unicellular microalgae characterized by ornate silica shells (frustules) composed of two thecae, silicate half-shells fitting into each other, and their end plates (valves) often displaying species-specific morphologies. Diatom communities quickly respond to environmental changes and are thus widely used in freshwater ecosystem research and ecological quality assessment [3,4,5].



The most commonly used method for taxonomic characterization and diversity assessment of diatom communities is the identification by light microscopy, in principle, equivalent to the methods of diatomists of the 19th century [6]. This method is routinely used not only in water quality monitoring (there primarily on freshwater benthic samples), but also in diatom ecological, paleolimnological and paleoceanographic research [7,8]. Identifying diatom species by morphological traits was further improved with the advent of electron microscopy, which is an indispensable tool for taxonomy of small diatoms, with any dimension less than 5 µm [9], but is too expensive for routine counts. A more recently emerged alternative is DNA metabarcoding, which is now being applied increasingly and might in the near future replace or complement light microscopy for several routine types of diatom analyses [10]. But since DNA metabarcoding and light microscopy have different strengths and weaknesses, the latter will remain an important part of the routine diatom analysis toolkit for the foreseeable future [11,12].



In routine diatom light microscopy, the investigator usually identifies between 300 and 1000 diatom valves per sample. In the typical procedure, the analyst records a taxon name for each valve encountered during a systematic screening of the light microscopy slide. Although with the availability of microscopic cameras, it is technically possible to also document selected diatom valves by imaging, the routine counting procedure does not involve imaging every single valve identified. Diatom analysts usually receive a long and thorough training, nevertheless it is for several reasons difficult to ensure a fully objective and repeatable taxonomic identification of diatom valves. Comparisons show both differences between repeated counts of a sample by the same analyst (intra-observer variability), as well as inter-expert disagreement, especially in groups of taxa showing similar visual features [13,14,15]. The resulting uncertainty in taxonomic consistency between analysts can complicate data integration and synthesis [13].



In theory, the documentation of each identified diatom valve by a microphotograph could contribute to an increased consistency, or at least, better comparability between datasets. We refer to this as an increased transparency, since if published diatom counts were consistently accompanied by a microphotograph of every individual counted, a researcher having access to these images could perform a full re-count (or also a limited revision focusing on individual problematic taxa) when in doubt about taxonomic consistency. In spite of technological developments making it simple to obtain digital light micrographs, such practice is presently not being routinely used to our knowledge.



Automated methods for large-scale microscopic image acquisition for diatom preparations have been developed in the past, as early as 2000 with ADIAC [16,17,18,19]. In most cases, the aim was to use a large-scale imaging workflow as part of an (envisaged, though hitherto not fully realised) entirely automated diatom analysis workflow that would also include automated taxonomic identification. Until now it has not been widely recognized that such high throughput imaging methods can also usefully supplement a workflow involving “manual” taxonomic identification by human investigators. In our group, we have established such methods in the last years and used them in ecological and morphometrical studies by Burfeid-Castellanos and collaborators [20,21]. These digital methods have, however, not been systematically introduced nor has their effectivity been compared with the traditional light microscopic workflow.



In this paper, we close this gap describing a digital variant of the traditional light microscopic workflow for diatom taxonomic analysis in detail, in which the human analyst identifies diatom valves not directly by microscopic observation, but by interacting with a “virtual slide” through a web-browser-based annotation interface. Such a virtual slide is a digital representation of a large contiguous section of a physical slide, produced by slide scanning microscopy in which overlapping field of view images are combined into one large high-resolution image covering several mm2 of the microscopy slide. The resulting gigapixel-sized virtual slide image usually depicts hundreds to thousands of individual diatom valves. Taxonomic identification and counting are performed by manually locating and labelling diatom valves in the virtual slide using the web-browser-based image annotation system BIIGLE 2.0 [22,23], a tool that allows the collaborative and asynchronous annotation of samples.



Besides introducing this virtual slide-based digital methodology, we also compared its results with traditional light microscopy, both in terms of the obtained results/data and required time. To ensure comparability, equivalent procedures adapted to both methods were used, and both methods were applied to a common set of light microscopic preparations.




2. Materials and Methods


2.1. Diatom Collection, Preparation and Processing


Diatoms were collected following the European norm for flowing waters [24,25] within the Menne catchment in western Germany, at six sites exhibiting hydrologically contrasting characteristics. This is one of the main areas for our routine analyses and although the sites pertain to the same stream, the species variability due to changes in hydrology is high. For each of the six sites, a new clean toothbrush was used to scrape off ca. 20 cm2 from each one of five cobbles. The five scrapings were pooled with 20 mL stream water or, in case of the dry site, deionized water for each site. The collected material of the six samples was fixated with 20 mL 99% ethanol to yield a final approximate concentration of ca. 50% ethanol.



The diatom samples were digested using the hot hydrogen peroxide—hydrochloric acid method [25,26] and cleaned in seven cycles of centrifuging at 1200 g for 3 min (Eppendorf Centrifuge 5427 R; Eppendorf, Hamburg, Germany), discarding the supernatant and re-suspending the pellet in deionized water. From each cleaned sample approximately 420 µL suspension was pipetted onto three coverslips (15 × 15 mm, #1,5) each, producing triplicates. Diatom frustule suspensions were allowed to dry and the coverslips were mounted on slides in Naphrax artificial resin (refractive index = 1.71, Biologie-Bedarf Thorns, Deggendorf, Germany).



The part of the slide with the highest density of evenly distributed diatom valves was then investigated with the traditional light microscopy as well as with our digital approach (see below), analysing approximately the same slide section in both cases. Though a substantial overlap of identical valves for both methods was expected with this procedure, we did not aim at identifying exactly the same diatom frustules.



Identification and quantification of relative abundances were conducted by the same expert (A.M.B.C., 12 years experience with routine diatom identification and counting, having analysed ca. 950 samples) using two different methodologies (Figure 1). Under the traditional methodology, we refer to the commonly used light microscopy-based method, with sporadic use of a digital camera for measuring length, width and striae density for selected valves. Under the digital approach, we refer to our novel alternative technique comprising slide scanning and virtual slide annotation.



In both cases, at least 400 diatom valves were counted and identified at the highest possible taxonomic resolution, mostly at the species level, using a combination of general [27,28,29] and specific taxonomic literature [30,31]. Frustules/valves encountered in pleural (girdle) view were only identified at the genus level. For each sample, taxa were counted on three replicate slides using both methodologies. Before counting, an overall observation of the samples was performed over 10–20 fields of view to get an overview of occurring taxa and to create a preliminary taxa checklist. From specimens belonging to previously not encountered taxa, valve/frustule length and width as well as striae density were measured. The same was done in cases where species discrimination required a detailed morphometric comparison.




2.2. “Traditional” Diatom Identification Workflow


The slides were screened using a Zeiss Axio Vert.A1 (Carl Zeiss AG, Oberkochen, Germany) light microscope with an N-Achroplan 100×/1.25 oil immersion objective. When deemed necessary for identification, basic morphometric features (length, width, striae density) were measured after capturing a digital image with the Zen software v. 3.5 (Carl Zeiss AG, Oberkochen, Germany) using an AxioCam 305 color camera (Carl Zeiss AG, Oberkochen, Germany). 400 diatom valves within the previously selected slide section were identified and counted by taxon following a standard serpentine pattern. Diatom valves crossing the right and bottom edges of the field of view were not counted to avoid repeatedly counting the same specimen.




2.3. Digital Diatom Identification Workflow


In the second approach we used a digital analysis workflow, a slightly modified version of the one previously used by Burfeid-Castellanos et al. ([21], Figure 2). Slide scanning was performed with a VS200 slide scanner (Olympus Deutschland GmbH, Hamburg, Germany) with the ASW 3.1 software (Olympus Soft Imaging Solutions GmbH, Münster, Germany). The scan utilized a high-resolution oil immersion objective (UPlanXApo 60×/1.42) over a contiguous area of ca. 5 × 5 mm², which included the section of the slide that previously had been observed in the traditional workflow. For each field of view position 61 images were captured at different focus depths at a distance of 0.28 µm along the vertical Z-axis. The exact number of Z-layers required is dependent on scan area and tilt of cover slip; this number was determined to be appropriate for the set of samples considered here by trial and error. The distance between adjacent focal layers corresponds to half of the optical system’s depth of field to ensure that all ornamental valve details are captured. Neighbouring fields of view were captured with 10% overlap. The 61 images from each field of view were focus-stacked to an extended depth of field (EDF) image using the commercial Helicon Focus 7 Software (Helicon Soft Ltd., Kharkiv, Ukraine) [32], the resulting EDF image were then stitched to the final virtual slide image by combining two ImageJ plugins as described in Kloster and collaborators [33]. Each of these virtual slides had sizes of about 3 gigapixels with a single pixel depicting an area of 0.09 × 0.09 μm2 and an enhanced depth of field of 16.8 µm obtained from focus stacking. To keep the image file size below 2 gigabytes, which is a common limit for image processing software, the virtual slide images were converted to grayscale and divided into two subsections. These were uploaded into the web-based image annotation system BIIGLE 2.0 [22,34], from which point on we refer to them as “virtual slides”.



Subsequently, diatom valves were identified on each virtual slide as described below, screening the area approximately corresponding to that observed in the traditional light microscopy method. The BIIGLE 2.0 system enables flexible manual navigation across the whole sample area at arbitrary zoom/magnification levels (e.g., first screening of slide for getting an overview of taxa present; zooming in onto any individual valve for fine detail needed for identification). Systematic “row-by-row” screening of the virtual slide was performed until at least 400 diatom valves were counted, resembling the procedure applied during a traditional light microscopic count by using a function which is referred to as “Lawnmower mode” in BIIGLE. All individual diatom valves were annotated by marking their approximate outline and attaching a label corresponding to their taxonomic identification (Figure 3a). When deemed necessary for precise identification, basic morphometric features (length, width, striae density) were measured with the line measurement function of BIIGLE. Depending on the density of the diatom valves, either one or both subsections of the slide scan were required to reach the minimum of 400 valves per sample.



After all identifications were made, a quality assessment step was conducted, in order to spot misidentifications. The Label Review Grid Overview (LARGO) tool of BIIGLE was used to display side-by-side thumbnail images of all image areas (diatom valve images) annotated with a specific taxonomic label (Figure 3b). This tool facilitates synchronous observation of all valves identified as a specific taxon and enables easy recognition of morphological outliers, and so facilitates quality assessment in a way that has no analogue in the traditional microscopy workflow. For any morphological outliers or other problems spotted, it is possible to re-evaluate them in full original resolution, and to re-label them with the corrected taxon name if necessary.



The traditional vs. the digital workflow were compared by (1) community compositions; (2) diversity indices; (3) diatom indices. Since community composition determines the other two, the comparison of biotic diatom and diversity indices might be considered dispensable, nevertheless we conducted them because such comparisons are often presented in similar methodological comparisons [11,35].




2.4. Calculation of Biotic Indices


The diatom inventories obtained through the two different approaches were imported into the OMNIDIA v. 6.0.4 software [36,37] to calculate biotic diatom indices. We investigated four indices responding to nutrient concentrations (‘trophic’ indices): the Rott Trophic Index, (Rott TI, [38]); Polluosensitivity Index (IPS, [39,40]), Biological Diatom Index (IBD, [41]), the indice des diatomées génerique (IDG, [42]) and the Trophic Diatom Index (TDI, [43]). Additionally, two indices that respond to organic matter concentration (saprobic indices) were selected: Rott Saprobic Index (Rott SI, [44]) and Sládeček (SLA, [45]). All indices were calculated for each replicate of each sample separately.




2.5. Statistical Analysis


The R software v. 3.6.1 [46] with RStudio v. 1.2.5019 [47] was used for statistical analysis. Species richness and Shannon as well as Simpson diversity metrics were calculated using the ‘vegan’ package [48].



One-way ANOVA and Kruskal-Wallis tests from the ‘R Base’ package were executed on species richness and diversity, as well as on biotic indices to test the statistical effect of the analysis method (traditional vs. digital) by sample. Tukey post-hoc tests (Tukey HSD, ‘R Base’ package) and Dunn tests (‘FSA’ package) were performed on parametric and non-parametric variables, depending on whether the outcome variable showed a significant deviation from a normal distribution as assessed by a Shapiro-Wilks-test respectively.



Relative abundances of diatoms were log-transformed for comparing community compositions as determined by the different methods. These data were used for a non-metric multidimensional scaling (nmds) and ANOSIM based on Bray-Curtis distances with the ‘vegan’ package. Effect of method (traditional vs. digital) upon observed community composition was tested by pairwise multilevel comparison of the ANOSIM results using the ‘pairwiseAdonis’ function [49].



A heatmap depicting relative abundances of predominant taxa among sampling sites was created using ‘gplots’ [50].



Besides applying the above comparative analysis to the final results, some comparisons were repeated with a transformed data set. In these cases, from taxon complexes, which are closely related and highly similar diatoms that are hard to resolve via light microscopy, individual taxa (species/varieties) were pooled at the level of the taxon complex (Table 1). The motivation behind this analysis was to test to which extent any disagreement between the traditional and digital method can be explained by varying degrees of granularity in the identification of these difficult to differentiate taxa.





3. Results & Discussion


3.1. Time Requirement


When comparing time usage for both methods, we only considered the steps of counting and preparation of abundance lists that had to be conducted by the taxonomic diatom expert. These included:



(a) Identification: In the digital microscopy workflow, diatom identification took approximately one hour longer per slide than in the traditional workflow. This additional time requirement can be explained by the fact that annotating the rough outlines of diatom valves and selecting the corresponding taxon labels takes few seconds per valve (estimating this roughly as 3600 s extra time/400 valves = ca. 9 s per valve). A second partial explanation for the extra time required in the digital workflow is that because it was simpler to measure individual valves, this also lowered the bar for measuring. Thus, probably substantially more valves were measured in the digital than in the traditional workflow, though this was not quantified.



(b) Data handling: the digital workflow did not require manual entry of inventories into a spreadsheet, as they could directly be exported from BIIGLE. In contrast, the digitization of the inventories in the traditional light microscopy method not only took some additional time, but also came at a higher risk of human error.



In total, these steps on average summed up to about 2.4 h per sample for the traditional and 3.2 h per sample for the digital approach.



On top of this, some additional tasks were conducted for the digital workflow, but are compared separately because they were either performed by technical personnel or were optional, without a corresponding step in the traditional method:



(a) An extra 15–20 min were required for setting up the scanning, downstream-processing of the digital image data and uploading the data into BIIGLE 2.0, which was performed by technical personnel. The time requirement of this step can vary depending on the exact details of the scanning procedure, including the slide scanner used, and the experience of the person conducting these steps.



(b) In the digital workflow, we implemented an additional quality assessment step that has no direct correspondence in the traditional workflow. For this, thumbnail images of all valves labelled with a user-selected taxon were evaluated side-by-side with BIIGLE’s LARGO function. Checking/confirming/revising all annotated valves/frustules took ca. 12 min per slide on average. In the traditional light microscopy approach, the full repetition of all the identification steps would be required for a similar quality assessment, due to the lack of image documentation. Since such a LARGO confirmation can be applied across a larger number of slides after all have been counted, the time requirement for this step is expected to grow slower than linear with the number of samples analysed.




3.2. Diatom Communities


A total of 161 species were identified using the digital method (number of valves [n] = 8858) and 130 species were identified using the traditional methodology (n = 9306), their distribution can be observed in Supplement Table S1. Community structures were compared using a Bray-Curtis dissimilarity matrix on log (x + 1) transformed relative abundances. The similarities ranged from 61.8% to 72.1%, with exception of the sparse sample M2 which only reached a maximal similarity of 51.6% between identical samples analysed with the digital vs. traditional workflow. Comparing communities between the traditional vs. digital counts of identical samples, ANOSIM showed no significant differences (Table 2). In a hierarchical cluster analysis of the dissimilarities of the community (Figure 4a, Supplement Figure S1), triplicates from the traditional and digital counts always clustered together. Similarly, a NMDS analysis showed a clustering of sites regardless of method (stress = 0.172, Figure 4b). Only communities from triplicates from sites M3 and M6 were intermingled in the cluster analysis, which can be explained by the high similarity between both communities. Two M2 samples analysed with the digital method did not cluster very well with other samples of the same location, which we attribute to the very low density of the sample material on these slides, which may have resulted in a smaller overlap between the areas analysed with both methods and thus might differ in species represented by only a few specimens.




3.3. Testing the Effect of Difficult Species Complexes


When comparing counts from both methods, it became apparent that taxa from some difficult species complexes were differently assessed by the two methods (Table 1) in spite of the fact that all counts were performed by the same person. To counter this, the inventories of both methods were reduced to standardize the difficult taxa. The most abundant such difficult taxon was the Achnanthidium minutissimum s.l. complex (see Table 1 for a list of taxa understood here to be part of this complex). Achnanthidium minutissimum var. jackii and Achnanthidium saprophilum were more easily discerned with the digital method, given that these very small diatoms (under 20 µm) have very slightly silicified ornamentations that were better visible in the digital extended depth of field virtual slide images.



The also monoraphid Cocconeis placentula complex (Table 1; Jahn et al. 2009; Jahn et al. 2020) was more readily identifiable by the rapheless valves, both in the traditional light microscopy and the digital method. Focus stacking in the digital method helped to recognize the raphe valve, which is mostly identifiable through morphometric features, in addition to the translucent rapheless valve. Similar was the case for the Nitzschia palea complex (Table 1). Individual taxa belonging to this complex are often identifiable by length-to-width ratio, which were more easily obtained using the digital method because it made such measurements much simpler and quicker to perform. Also, the small monoraphid Psammothidium grischunum complex (Table 1) contains many similar taxa which can appear in the same ecosystem. The taxon complex could be identified with a higher taxonomic resolution in the digital workflow due to better discrimination of morphometric and ornamentation features [56,57,58].



Specimens of the rare genera Luticola and Mayamaea, with a relative abundance under 3%, were most likely accidentally split into several species in the traditional workflow probably due to misidentification. Very rarely, specimens of the Ulnaria genus appeared, very long diatoms (>100 µm) with a taxonomy mostly based on a combination of striae density and apex form. These were assigned to multiple different species with the traditional light microscopy method, whereas identification with the digital method showed them to pertain to Ulnaria ulna. This again could point to a more precise morphometric characterization by the digital microscopy identification workflow.



A final category comprises easily overlooked taxa such as Fistulifera, a small naviculoid diatom with a very light silicification that often gets eroded during the preparation process, leaving only the raphe channel visible [54]. This taxon was slightly overrepresented in the results of the digital, compared to the traditional, method. Even though both Fistulifera saprophila and F. pelliculosa were present, they were pooled in the reduced dataset, as in the traditional light microscopy method the supposed F. pelliculosa specimens were erroneously identified as F. saprophila.



All in all, these can be interpreted as cases in which the digital method allows a more fine-grained identification, or a lower chance of overlooking hardly visible taxa (like Fistulifera) compared to the traditional analysis. To test whether such cases can explain the significant differences observed for richness at the M1 site, a “reduced” data set was obtained from the original counts by pooling taxa at the level of species complexes in the above listed cases (Table 1). Comparing richness values from the traditional vs. digital counts from site M1 showed no significant difference between both methods, nor for any other sample (Table 2, 3rd column), but the latter was expected since these showed no significant differences between richness values in the non-reduced dataset either (Table 2, 2nd column). Taxa composition and species richness within samples were not significantly different by analysis method either (Table 2, 4th column).




3.4. Biotic Indices


To further evaluate whether both methods led to comparable results, we assessed whether a range of other commonly used community metrics (Shannon diversity, Simpson diversity, trophic diatom indices IPS, IBD, IDG, TDI, Rott TI and the saprobic diatom indices Rott SI and SLA) differed between the traditional vs. digital counts of identical samples (Supplement Figure S2). In the case of all diatom indices, neither an ANOVA nor a non-parametric test showed a significant method effect after controlling for sample (Table 3). For Shannon entropy, ANOVA and Kruskal Wallis did not indicate significant differences between methods of the complete and reduced dataset. Explanation of species richness see above.




3.5. Overall Observations


In this contribution, we described how a largely digitized workflow can be used for diatom identification and counting. The traditional light microscopy method is being widely used in ecological research as well as water quality monitoring activities. This method involves the identification and counting of oxidized and mounted diatom valves/frustules using a light microscope, resulting in an inventory of counted valves per taxon. The here introduced digital workflow presents an alternative to the aforementioned traditional approach by using a modern slide-scanning microscope and web-based technologies which enable documenting every single specimen of a diatom sample as part of a virtual slide image



3.5.1. The Digital Workflow Provides Comparable Results with the “Traditional” One


The between-methods comparisons only showed significant differences in the most variable metrics, species composition and species richness, and only for a single one out of six samples. Pairwise Bray-Curtis distances between counts obtained from the same slide but with both methods varied between 0.27 and 0.382, which is a range considered to be consistent in diatom studies [13,59]. Altogether, our general first conclusion is that the digital method leads to comparable results with the traditional one.



Finding that the results were not quite identical, and significant differences were found between both methods in a single case, we hypothesized that a main explanation of differences between both methods could be explained by slight inconsistencies in the fine-grained identification of a few individual taxa in some difficult species complexes, like Achnanthidium minutissimum s.l., Cocconeis placentula s.l., Nitzschia palea s.l. (Table 1). This indeed seems to be the case, as detailed above, and is comparable to taxonomic inconsistency expectable for instance if the same analyst uses different microscopes with slightly different optics (e.g., DIC vs. bright field or phase contrast). However, our impression is that the taxonomic precision obtained with the digital method is not inferior, but in some cases, even better than in the traditional workflow. We explain this by the combination of several factors, including easier to perform morphometric measurements, often improved visibility of striation and better visibility of lightly silicified taxa like Fistulifera in extended depth of field images, and to a substantial extent by the additional quality assessment step. The latter allows to better reflect upon and reconsider individual specimen identifications after having seen the whole sample and, in some cases, to avoid an inconsistent or unwarranted species splitting based on first impressions. In this study, we had a single diatomist identifying diatoms for the methods comparison. Although this is not unusual for methodological comparisons in the diatom literature [60,61], final conclusions about intra- vs. inter-observer variability in counting results in comparison to differences arising from the digital vs. traditional workflow will need further studies with multiple experts identifying samples using both methodologies. Until such a study can be performed, research combining both types of methods will need some extra care for data collation/synthesis.



From the point of view of the human analyst identifying diatoms, a drawback of the digital workflow in its presented implementation is that, due to focus-stacking, the depth information is not preserved in the virtual slides. This means it is not possible to focus up and down through the specimen to get an idea about its three-dimensional structure, as it could be done during traditional counting. Also, identifying diatoms in focus-stacked images might require a certain adjustment from an analyst, since a specimen might look slightly different than directly on the microscope. On the other hand, focus-stacking increases the visibility of very slightly silicified structures, which often benefits taxonomic identification. Our experience shows that adjustment to extended-depth-focus is quick for a seasoned diatomist. We also note that it is not strictly necessary to limit the digital workflow to extended depth of field/focus-stacked images: the slide scanner used is also capable of obtaining virtual digital slides preserving individual focus level images. The BIIGLE 2.0 annotation platform we used, however, currently does not support such multi-depth virtual digital slides, which is a technical limitation that might be remedied in the future.




3.5.2. The Digital Workflow Is Slightly More Time Consuming, but Enables Better Scientific Practice


We found that performing a diatom count with the digital workflow took about 30% more time than with the traditional workflow. Even though annotating a diatom (marking its outline and attaching a taxonomic label to it) only took a few dozen seconds on average, this is substantially more than the handling time required in the traditional workflow, and the difference added up to about an hour over ca. 400 diatoms per sample.



Another factor contributing to the higher time-requirement of the digital workflow was the extensive use of morphometric measurements. These can be conducted much faster than in the traditional workflow, but in turn were performed much more often to help identification of hard-to-differentiate taxa. In this sense, the additional time investment translated into an increased taxonomic resolution and/or precision.



This higher time requirement can, at first sight, certainly be seen as a disadvantage of the digital method. We would argue, however, that substantial gains related to good scientific practice such as reproducibility and transparency can outweigh this disadvantage [62].



Such a taxonomically annotated virtual slide is an information-rich resource for downstream analyses. For instance, it is possible to extract counts of valves labelled with any or all taxonomic labels, as done for our comparisons; but also to extract an image cropped to the area surrounding any or all annotated valves from a virtual slide. Whereas the former represents the final (and only) output from traditional diatom counting, the latter (individual valve images) can accompany and enrich such a data set and can be used for instance for taxonomic consistency checking by human analysts, but also for image analyses aimed at morphometric characterization or taxonomic identification. Finally, in addition to sharing such data sets extracted from the virtual digital slides, it is also possible to archive and share the full virtual slide image alongside all annotations attached to it, enabling a level of transparency previously unattainable for routine diatom count data sets.



In the traditional method, every single diatom identified is generally seen only once, by one single analyst. In the case of the digital workflow, images of every single diatom encountered are available, revisitable and shareable through the internet. The additional quality assessment step we implemented above (looking at all diatoms assigned to a taxon and spotting outliers) is only one example of the multitude of ways in which this can become useful.



The digital workflow also facilitates checking for taxonomic consistency after having counted multiple slides. Especially when analysing a flora that the analyst was previously not deeply familiar with, a certain concept drift (slight changes in the way to recognize individual taxa) during a study can occur. In such cases, it can be useful to implement a quality assessment step in which any identifications can be updated, corrected and harmonized at one final time point. Such a quality assessment or consistency check could also be useful in projects where multiple analysts count subsets of samples. With the digital method, once all counts are performed, a taxonomic consistency check can be performed easily, and might even focus on particularly problematic taxa only. In the traditional workflow, comparable re-analysis would require a full re-count of all samples involved, basically starting with the whole analysis process all over again.



If taxonomically annotated images or virtual digital slides were made available routinely, similar taxonomic consistency control would also become possible beyond individual studies, for instance for larger scale data integration and synthetic analyses at large geographic scales. The problem of taxonomic consistency has long been considered an important issue for standardizing diatom-based environmental biomonitoring [63,64]. Although methods have been proposed to increase quality and reproducibility of diatom counts [15,65,66], these all rely on traditional light microscopy. As such, they do not readily enable a full transparency or re-analysis at the level of individual diatoms. If any documentation by microphotographs is involved, it is limited to a selection of one or a few examples per taxon/morphological unit. The digital method can remedy this problem by documenting each individual cell not only by its taxonomic identification but also by the corresponding image data.



We suggest that in the near future, web-based annotation of virtual digital slides in a distant collaborative setting (which was not investigated here, but is possible without further technical extensions in the introduced framework and was implemented by us for example to conduct international taxonomy workshops during the COVID pandemic) has the potential to increase the degree of taxonomic consistency substantially [13,14,15]. By hiding annotations made by other users, a feature of BIIGLE’s “annotation session” function, the agreement of independent taxonomic identifications among analysts on a common set of specimens can be quantified, and conflicts can be resolved like it was done in Beszteri et al. [14], but with less effort and as part of an integrated workflow. This way, taxonomic consistency checking can become part of routine multi-analyst counting procedures.



Finally, well-curated taxonomically annotated sets of specimen images resulting from such procedures can provide high quality data sets for training specialists in diatom identification, or also machine learning algorithms, as we demonstrated recently [34]. Computer vision/machine learning techniques have a large potential to further transform and assist the process of diatom analysis, for instance by detection of diatom valves on a virtual slide image, obviating the necessity for the human analyst to draw outline annotations, which in the here presented digital workflow is the most time consuming step [67,68,69,70,71]. Other steps which can expedite the digital variant include clustering diatom valves by their similarities to assist human annotation [17,72]; proposing taxonomic identifications based on taxon classifier models [33]; automatic digital morphometry [67,73,74]; or even by fully automated taxonomic identifications [33,72,75,76,77,78].






4. Conclusions


We propose a digital workflow combining high resolution slide scanning and web-based virtual slide annotation as a possible alternative to “traditional” light microscopic analysis of diatom community composition. In our comparison, the digital workflow provided comparable results with the traditional light microscopy, but in some cases with finer taxonomic resolution. The disadvantage is an increased time spent on measuring and labelling individual valves, which may be reduced with future informatic support. On the other hand, digital microscopy can contribute to increasing reproducibility and transparency, and provides much simpler possibilities for quality control, taxonomic updates, multi-expert collaboration or even taxonomic intercalibration. The visual appearance of diatoms in EDF (i.e., focus-stacked) images may differ from single focal plane images. However, this is relatively easy to adapt to for an experienced diatomist. A further advantage of the digital method is the by-product of annotated digital images, and the resulting labelled specimen images can be used for training machine and deep learning algorithms.
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Figure 1. Comparison of the methods used for diatom identification and counting. Note that the identical slides were used for the “traditional” light microscopy path (a) as well as for the digital slide scanning methodology (b). Samples were collected following UNE EN 13946 (2014), then chemically prepared, dripped onto coverslips and mounted on a slide. (a) A square subsection of the slide with the highest density of evenly distributed valves was observed under the microscope, diatoms were identified and counted. (b) approximately the same slide area was scanned using the slide scanner, leading to a virtual slide image which was uploaded to BIIGLE 2.0 for taxonomically labelling individual diatom valves within a web browser. The resulting inventories (taxa-by-sample matrices) were used to compare results from both methods. 
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Figure 2. Construction of a virtual slide image. The slide is imaged by a slide scanning microscope, each field of view is captured at multiple focus depths that are then focus-stacked in an intermediate step (1). The focus-stacked, slightly overlapping field of view images are joined via a stitching procedure into a single, large image file encompassing the whole scanned slide area at full original resolution (2). The virtual slide images are uploaded to the BIIGLE 2.0 image annotation platform and diatoms are identified and labelled manually through a web browser, detail in Figure 3a (3). Image modified from Kloster et al. 2020 [33]. 
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Figure 3. Examples of BIIGLE functions: (a) completely identified sample with identification labels, each frustule/valve and label can be revisited if necessary e.g., for quality control. (b) LARGO function comparing morphologically similar species of the Encyonema genus for possible taxonomical updates. 
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Figure 4. Diatom species composition [log (relative abundance + 1)] and sites (a) using a hierarchical cluster analysis, and (b) ordination by non-metric multidimensional scaling. Triplicates of the same sample cluster together, without a separation by counting method, only counts obtained from sample M2 (red) using digital microscopy show a wider spread. Four letter code explained in Supplement Table S1. 
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Table 1. Rationale for the reduced dataset.
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Combined Name/Complex

	
Species in Complete Dataset

	
Rationale






	
Achnanthidium minutissimum (Kützing) Czarnecki complex

	
Achnanthidium alteragracillimum Round & Bukhtiyarova

	
Relative similarity of the valves may bring over-specification of diatoms and enhance error [51]




	
Achnanthidium affine (Grunow) Czarnecki




	
Achnanthidium minussimum (Kützing) Czarnecki




	
Achnanthidium minutissimum var. jackii (Rabenhorst) Lange-Bertalot




	
Achnanthidium saprophilum (Kobayashi & Mayama) Round & Bukhtiyarova




	
Cocconeis placentula Ehrenberg

	
Cocconeis placentula var. euglypta Ehrenberg

	
Following diatoms.org, we selected this as a complex [52]




	
Cocconeis placentula var. euglyptoides (Geitler) Lange-Bertalot




	
Cocconeis placentula Ehrenberg




	
Cocconeis lineata Ehrenberg




	
Fistulifera saprophila (Lange-Bertalot & Bonik) Lange-Bertalot

	
Fistulifera saprophila (Lange-Bertalot & Bonik) Lange-Bertalot

	
Taxa difficult to differentiate with the “traditional” method [53], pooled into F. saprophila.




	
Fistulifera pellucida (Kützing) Lange-Bertalot




	
Luticola mutica (Kützing) D.G. Mann

	
Luticola goeppertiana (Bleisch) D.G. Mann ex J. Rarick, S. Wu, S.S. Lee & Edlund

	
Expected misidentification in “traditional” method [30]




	
Luticola mutica (Kützing) D.G. Mann




	
Luticola saprophila Levkov, Metzeltin & A. Pavlov




	
Mayamaea atomus (Kützing) Lange-Bertalot

	
Mayamaea atomus (Kützing) Lange-Bertalot

	
Possible species splitting in “traditional” method [28]




	
Mayamaea atomus var. alcimonica (E.Reichardt) E.Reichardt




	
Mayamaea atomus var. permitis (Hustedt) Lange-Bertalot




	
Nitzschia palea (Kützing) W. Smith

	
Nitzschia palea var. debilis (Kützing) Grunow

	
Possible species splitting in “traditional” method [54]




	
Nitzschia palea (Kützing) W. Smith




	
Psammothidium grischunum Bukhtiyarova & Round

	
Psammothidium bioretii (H.Germain) Buhtiyarova & Round

	
Possible species splitting in “traditional” method [28]




	
Psammothidium daonense (Lange-Bertalot) Lange-Bertalot




	
Psammothidium grischunum Bukhtiyarova & Round




	
Ulnaria ulna (Nitzsch) Compère

	
Ulnaria acus (Kützing) Aboal

	
Possible species splitting in “traditional” method [55]




	
Ulnaria danica (Kützing) Compère & Bukhtiyarova




	
Ulnaria (Kützing) Compère




	
Ulnaria ulna (Nitzsch) Compère
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Table 2. Post-hoc Tukey HSD analysis to test the intra-site variation of species richness community structure according to method on the complete and the reduced dataset. In bold, significant values.
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	F-Value Richness Complete Dataset
	F-Value Richness Reduced Dataset
	F-Value Community Structure Reduced Dataset





	M1 per method
	14.333 *,1
	−3.333 n.s.
	3.890 n.s.



	M2 per method
	6.667 n.s.
	0.667 n.s.
	5.004 n.s.



	M3 per method
	8.333 n.s.
	−9.000 n.s.
	3.927 n.s.



	M4 per method
	10.000 n.s.
	−9.667 n.s.
	3.528 n.s.



	M5 per method
	4.000 n.s.
	0.333 n.s.
	1.834 n.s.



	M6 per method
	6.000 n.s.
	−2.333 n.s.
	1.695 n.s.







Note: 1 p-value: n.s. > 0.1, * p-value ≤ 0.05.
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Table 3. Analysis of variance results of the parametric values. Interactions calculated only if methods were significantly different. In bold, significant values.
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Type of Indices

	
Variables (-Test)

	
F-Value Method






	
Species richness and diversity functions

	
Species richness

	
27.66 ***,1




	
Shannon entropy +

	
0.604 n.s.




	
Shannon–Kruskal Wallis

	
0.025 n.s.




	
Simpson entropy +

	
2.855 n.s.




	
Simpson–Kruskal Wallis

	
0.169 n.s.




	
Trophic diatom indices

	
IPS

	
0.478 n.s.




	
IDG

	
0.387 n.s.




	
IBD

	
0.004 n.s.




	
TDI

	
0.095 n.s.




	
Rott TI

	
1.479 n.s.




	
Saprobic diatom indices

	
Rott SI

	
0.066 n.s.




	
Sládeček

	
0.016 n.s.








Note: 1 p-value: n.s. > 0.1, *** p-value ≤ 0.001. + = non-parametric variables warrant non-parametric test.
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