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Abstract

:

Zooplankton, integral to aquatic ecosystems, face diverse environmental influences. To comprehend their dynamics, critical for ecological insights and fisheries management, traditional morphological analysis proves laborious. Recent advances include automated systems like ZooScan and DNA metabarcoding. This study examines two methods on the same samples to identify similarities and dependencies between them, potentially reducing the required workload and enhancing the quality of the results. Ten Lake Starnberg vertical tows in September 2021 provided zooplankton samples preserved in ethanol. Subsamples underwent ZooScan morphological identification and subsequent DNA metabarcoding. High concordance between ZooScan counts and DNA reads (86.8%) was observed, while biomass calculations from body length (major axis) and equivalent spherical diameter (ESD) showed slightly lower agreement (78.1% and 79.6%, respectively). Linear regression analysis revealed a correlation between counts and DNA reads (r2 = 0.59). This study underscores the complementary strengths and limitations of ZooScan and DNA metabarcoding for zooplankton analysis. ZooScan aids biomass estimation and morphological differentiation, whereas DNA metabarcoding offers superior taxonomic resolution and low-abundance taxon detection. Combining both methods on the same sample enhances understanding and facilitates future advanced analyses.
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1. Introduction


Zooplankton, a pivotal component of aquatic ecosystems, is exposed to a multitude of environmental parameters that influence its abundance, diversity, and ecological role. These parameters include for example water temperature, nutrient availability, predator-prey interactions, and climatic conditions [1,2,3]. Comprehending the intricate dynamics of zooplankton populations is essential for several reasons. It is important for deciphering the ecological complexities within zooplankton communities, including growth rates, distribution patterns, and community structure [4]. On the other hand, knowing the dynamics of zooplankton communities also provides valuable insights which are relevant for the development of effective fisheries management strategies [5]. Zooplankton are characterized by being suspended in the water column and exposed to water currents. Most zooplankton species also exhibit a certain degree of motility which additionally influences the distribution of zooplankton communities within a water body. Hence, both abiotic factors such as water temperature and currents, but also biotic factors such as predator foraging and associated anti-predator behaviors (for example diel vertical migration or swarming), strongly affect the distribution patterns of zooplankton communities and zooplankton groups within the pelagic zone of lakes. In addition, lake geomorphology and associated mixing regimes, as well as the presence of individual basins within lakes, can also play an important role in shaping zooplankton distribution [6,7,8,9,10,11]. The potential uneven distribution of zooplankton and its consequences for fish foraging behavior and activities require intensive, high-resolution monitoring programs. However, such monitoring analyses often depend on the skills of the operators and their taxonomic expertise, as well as the associated costs and time constraints [12,13,14]. Various modern approaches are now available for the taxonomically standardized, time- and cost-efficient identification of zooplankton. On one hand, the digitization of zooplankton through different optical systems offers a means to obtain reliable data on the quality, quantity, and size (biomass) of zooplankton samples [15,16,17]. On the other hand, non-optical molecular techniques such as high-throughput sequencing (HTS) provide the opportunity for rapid and standardized analyses of zooplankton samples [18,19,20]. Such molecular methods can detect organisms below the usual thresholds of optical identification methods [4] but do not easily allow necessary zooplankton biomass estimations [18]. Recently, studies combined automated optical/digitization methods with molecular methods to achieve the highest level of resolution in analyzing zooplankton samples [18,21]. There has been ongoing discussion about the discrepancy between these two methods, and attempts are made to establish correlations between the abundance of individuals, their biomass, and their taxonomically specific sequence reads determined through molecular approaches [18,20,21,22,23,24,25,26]. With the increasing use of advanced analytical techniques, two prominent methodologies, namely ZooScan and DNA metabarcoding, have emerged as potent automatized tools for investigating zooplankton diversity and abundance in lakes [15,27,28]. A notable aspect of ZooScan is its ability to rapidly facilitate the semi-automated morphological identification of zooplankton without sacrificing the ability to individually validate images of each captured zooplankton specimen. This validation process is comparable to visual microscopy analysis and increases the accuracy and reliability of the data obtained. Of course, the quality of the analysis depends on the optical resolution. Several studies have shown that optical detection methods provide results comparable to traditional microscopic analysis [29,30]. Sample volumes that have traditionally been manually assessed in counting chambers under a binocular or microscope can now be digitized and captured for analysis simultaneously using modern technology. However, the subsequent taxonomic determination or accuracy still relies on the expertise of the user for manual image validation and specialized software developed for automated image analysis. Conversely, metabarcoding offers a swift means to ascertain the species composition of zooplankton samples based on genetic information, in theory without the need of visual determination such as ZooScan or microscopy. Such a genetic-based taxonomy relies however on available data bases where genetic information and taxonomic/morphological species identification have been correctly aligned. In this comparative study, we analyze samples from a pre-alpine lake using both ZooScan-based identifications and DNA metabarcoding taxonomic assignments. In contrast to most other studies, we use the two different analysis methods on the exact same sample to explore concordance and complementarities but also discrepancies between the two methods. Additionally, we apply both methods along a 10-point sampling transect within the lake. Our main question is whether both methods can be not only compared in their qualitative estimation of zooplankton communities (zooplankton identity) but also in their possible quantitative estimations (zooplankton abundance/biomass proxies).




2. Materials and Methods


2.1. Sampling


During September 2021, ten vertical tows were taken along the north–south axis of Lake Starnberg, a pre-alpine lake in Germany (Figure 1), within a time span of 1.5 h using a plankton net (mesh size: 250 µm, length: 60 cm, diameter: 40 cm, sampling depth: 17 m, representing the euphotic zone). Lake Starnberg is a deep lake with a maximum depth of 127 m, extending across a relatively uniform deep basin from north to south (Figure 1). The collected zooplankton was preserved in ethanol (>98%). Subsequently, subsamples (1/32) were extracted from each vertical sample in the laboratory using a zooplankton splitter [31].



Morphological Taxonomic Identification


The subsamples were digitized and analyzed using the ZooScan system (HydroptiC, Version 2.4.0) [16]. Abundance, classification, and biomass determination of taxonomic groups followed the methodology outlined by Vogelmann et al. [15]. In short, the ZooScan system, coupled with the Zooprocess program (Version 7.22), digitizes and archives objects placed in a scanning cell. The program Zooprocess then segments the scanned zooplankton sample into individual images, creating vignettes for each object. The ethanol-fixed zooplankton samples were briefly stored in a freezer at −18 °C just before the scanning process. Subsequently, zooplankton were carefully separated from the ethanol using a gauze filter (250 µm) and placed on the scanning cell in cooled distilled water (7 °C) to avoid the potential buoyancy of zooplankton in the scanning cell. To prevent the overlap of individual objects in the scanning cell, a delicate separation of zooplankton was performed using scratch-free tools (cactus needles), with a maximum time allowance of 5 min per sample. Utilizing a re-established learning set (comprised of prior zooplankton analyses/scans from Lake Starnberg) with the Plankton Identifier (PkID, Version 1.2.6) program, in conjunction with ZooScan and Zooprocess enabled an automatic assignment of individual taxa [32]. The zooplankton sample was categorized into the following groups: Bosmina spp., Bythotrephes longimanus, Daphnia spp., calanoid copepods, cyclopoid copepods, and Leptodora kindtii. Certainly, it is important to note that despite automatic categorization into different classes using training sets, each sample additionally underwent subsequent manual validation by two zooplankton specialists. After digitization with the ZooScan system, the subsamples were again returned into >98% ethanol to enable subsequent molecular genetic analysis on the same samples.





2.2. Molecular Taxonomic Identification


For the sample preparation and DNA extraction, zooplankton samples were filtered to remove ethanol, air-dried, and then suspended in T1 lysis buffer (Macherey-Nagel, Düren, Germany). Samples were homogenized by adding sterile beads and by shaking on a homogenizer. Each sample was then spiked with Proteinase K and incubated overnight at 56 °C. Total DNA was extracted from the lysate using the NucleoSpin® Tissue Kit (Macherey-Nagel, Düren, Germany).



For the PCR amplification and HTS library preparation, DNA extracts were used as templates for the amplification of a 421 bp fragment of the mitochondrial cytochrome c oxidase gene (COI) using the primers BF2 and BR2 [33]. Each primer was modified to include 5´Illumina® overhang adapters (Illumina Inc., San Diego, CA, USA). PCR conditions were as follows: initial denaturation for 3 min at 94 °C, followed by 25 cycles of 20 s denaturation at 94 °C, annealing for 30 s at 48 °C, and extension for 40 s at 72 °C. The program ended with a 5 min extension step at 72 °C. The amplification of a correct amplicon was verified via electrophoresis on a 1.5% agarose gel, and the PCR products were then purified using the NucleoMag® NGS Clean-up kit (Macherey Nagel, Düren, Germany). Dual indexes and Illumina® sequencing adapters were attached to the amplicons with a second PCR using the Nextera® XT Index Kit (Illumina Inc., San Diego, CA, USA) following the manufacturer‘s protocol and then purified using the NucleoMag® NGS Clean-up (Macherey Nagel, Düren, Germany). Libraries were quantified using the Promega Quantifluor® ONE dsDNA system (Promega, Mannheim, Germany) and pooled equimolarly. Pooled libraries were sequenced on an Illumina® MiSeq system with the 2 × 300 bp reaction kit.



For the bioinformatic analysis, paired-end reads were assembled sample-wise using VSEARCH [34] setting a minimum overlap of 100 bases. Primer sequences were removed from the assemblies using cutadapt [35]. All contigs were then filtered for uncalled bases (“N”) and dereplicated with VSEARCH. Dereplicated sequences were clustered in operational taxonomic units (OTUs) using a 97% similarity threshold. Chimera sequences were detected using the UCHIME algorithm [36] as implemented in VSEARCH and removed. All non-chimeric OTUs were then taxonomically assigned using the blastn algorithm [37] on a local version of the BOLD reference database (status: December 2022).




2.3. Biomass Calculation


A proxy for zooplankton biomass was calculated through the body length (pixel, major axis of the best-fitting ellipse) or by the equivalent spherical diameter (ESD, pixel) as determined by the ZooScan method.


  b i o m a s s   b o d y l e n g t h   = c o u n t ×   b o d y l e n g h t   3    










  b i o m a s s   E S D   = c o u n t ×   3   4   π ×   e q u i v a l e n t s p h e r i c a l d i a m e t e r   E S D     3    











The determined abundance (counts of various taxa) was compared to the reads obtained through metabarcoding. As some objects on the ZooScan might overlap, potentially leading to distorted counts or Major/ESD values for specific taxa groups, connected objects were individually counted and corrected using the median Major/ESD value of the corresponding category. For further analyses, biomass data were transformed by log10 (x + 1).




2.4. Statistical Analysis


To compare the taxonomic distribution determined using ZooScan and metabarcoding, six groups were formed (Bosmina spp., B. longimanus, Daphnia spp., calanoid copepods, cyclopoid copepods, and L. kindtii). It should be noted that Diaphanosoma sp. was classified under the Daphnia category due to limitations in ZooScan’s morphological resolution. Detailed morphological identification at the species level is not feasible in most cases with ZooScan. Metabarcoding data were generally analyzed only to the genus level, as ZooScan’s capabilities are confined to the mentioned broader groups for analysis and comparison. A percentage similarity [38,39] was computed between the data obtained through ZooScan and metabarcoding. To infer potential relationships between DNA reads and the counts derived from ZooScan, a regression analysis was conducted.





3. Results


3.1. ZooScan


The ZooScan results for all 10 samples indicate an average of 506.5 individuals per sample (median = 525; SD = 109.5). For the calculated biomass proxies (pixel3) biomass length, the average is 4.01 × 109 pixels3 per sample (median = 3.89 × 109 pixels3; SD = 1.00 × 109 (pixels3), while for ESD biomass, the average is 9.03 × 108 pixels3 (median = 8.81 × 108 pixels3; SD = 2.20 × 108 (pixels3) (one pixel = 0.0053 mm). Detailed data can be found in Table A1 of Appendix A.




3.2. Metabarcoding


From sample sequencing, we obtained an average of 1.02 × 105 sequences per sample, which resulted in an average of 1.20 × 104 unique sequences per sample after the bioinformatic processing. Unique sequences were clustered in 421 OTUs, whose taxonomic assignments are reported in the Supplementary Materials (Table S1). For the present analyses, the taxonomic assignments were condensed to the genus level and the read counts of congeneric species were merged. Detailed data can be found in Table A1 of Appendix A.




3.3. Comparison ZooScan vs. DNA Metabarcoding


Table 1 displays the percentage similarity between ZooScan counts, biomass (bodylength), biomass (ESD), and read counts from the metabarcoding analyses. The results indicate the highest percentage similarity between ZooScan, counts, and metabarcoding (mean = 86.8%; median = 87.5%; standard deviation = 2.5%). In contrast, the calculated biomass using the length of individual objects (major axis) exhibits a somewhat lower percentage similarity (mean = 78.1%; median = 79.4%; standard deviation = 3.6%), as does the equivalent spherical diameter (ESD) (mean = 79.6%; median = 79.6%; standard deviation = 4.9%), when compared to metabarcoding.



The determined count of distinct zooplankton taxa using ZooScan and the number of reads obtained through metabarcoding (Figure 2) exhibit a linear correlation with an r2 value of 0.59 (p-value < 0.0001). The regression of bodylength biomass and reads shows a linear regression with an r2 value of 0.21 (p-value = 0.0003). The r2 value of the linear regression of ESD biomass and reads is 0.32 (p-value < 0.0001).



Along the sampling transect within the lake, a similar picture emerged (Figure 3). Both methods gave similar results for major zooplankton groups along the transect; within the ZooScan calculations, counts seem to be most similar to metabarcoding reads. Detailed data can be found in the Supplementary Materials (Table S2). Figure 4 shows the deviation between the two methods along the transect, usually being consistent in being higher or lower in estimating relative zooplankton group abundances from metabarcoding reads compared to ZooScan counts or biomass estimates. An exception was predatory cladocerans which were usually present in very low abundances and distributed unevenly along the transect. Detailed data can be found in Table A2 of Appendix B.





4. Discussion


Here, we compared two different methods of zooplankton quantification (the optical method ZooScan and the molecular method metabarcoding) on a series of zooplankton samples from a deep pre-alpine lake. Both methods were performed on the same sample for each location, allowing a rigid comparison of results. Several studies have demonstrated that sequence reads can depict relative differences in terms of quantity of individuals and biomass among various taxa [20,22,23,24]. However, studies [22] by Sun et al. [24] and Lindeque et al. [40] have also shown that HTS-based measurements correlate better with biomass than with the numerical abundance (counts) of individual organisms. Given that ZooScan provides the capacity to calculate biomass proxies through metrics such as the body length (major axis) or ESD value [15], we assumed that this could potentially offer better insights into the relationship between metabarcoding read count and the quantitative distribution of taxonomic groups via body length (major axis) and ESD values.



Our results present a slightly different perspective (Table 1). In our case, the ZooScan count vs. DNA reads exhibits the highest similarity at around 86%. Both biomass determinations, whether through the major axis or ESD, display an average similarity of 78% (bodylength biomass) and 79% (ESD biomass) when compared to DNA reads. The results (Figure 2) are consistent with previous findings by Sun et al. [24], indicating that the number of reads reflects species’ qualitative abundance reasonably well, but drawing conclusions about quantity is challenging. Similar to the results shown by Yang et al. [23], our results support the idea that the metabarcoding approach can provide indications of relative abundances in zooplankton communities. This can be performed in significantly shorter timeframes than traditional methods, such as manual counting or biomass calculation based on the dry weight of zooplankton individuals. Both the study by Yang et al. [23] and our study quantified freshwater zooplankton biomass by multiplying the abundance of a taxa by its body length raised to the power of three. In contrast to the study of Yang et al. [23], our results show the lowest similarity (Table 1) between the calculated biomass analyzed with the ZooScan and molecular read abundances. In addition, our results also show lower relationships between the calculated biomass of different zooplankton groups and molecular reads compared to the relationship between zooplankton abundances (counts) and molecular reads (Figure 2).



Additionally, our findings indicate that samples containing taxa with very low numbers of individuals can lead to a distorted outcome. Some taxonomic groups were morphologically detected in single-digit numbers within samples (Bythotrephes and Leptodora), which were not always confirmed through metabarcoding (Figure 2). On the other hand, predatory cladocerans were identified by metabarcoding in certain samples but could not be detected by ZooScan. It is plausible that during the splitting process using the plankton splitter [31], or during sample preparation [15], predatory cladocerans might have been excluded from the subsample, but parts of such large individuals such as spina, antenna, or eggs could have been separated through mechanical forces. These parts would not be identifiable by ZooScan but could still be detected through metabarcoding. If predatory cladocerans are excluded due to their low numbers, an even higher percentage similarity between DNA reads and ZooScan distribution is achieved. Detailed data can be found in Table A3 of Appendix C.



Given that ZooScan’s resolution extends only up to 200 µm [16] and does not allow species-level identification in all cases, grouping at the genus level is more than sufficient in our case. Another potential issue that may arise is the scanning of zooplankton organisms in an unsuitable position, hindering analysis by both the software and the specialist. Similar findings and potential solutions to avoid such problems were reported by Vogelmann et al. [15]. The taxonomic resolution on the species level is in most cases not necessary for fishery management. In the context of the ZooScan’s resolution constrained to 200 µm, it is worth noting that digital imaging techniques and optical tracking (such as the ZooScan method), are currently undergoing rapid advancements and continuous improvements. This technical progress supports the increasing precision and efficiency of optical methods, which are thereby becoming an increasingly valuable tool for the study of zooplankton and the development of comprehensive ecological and fisheries management strategies. Modern molecular methods such as metabarcoding can be of additional help in elucidating zooplankton composition [26,41], particularly benefiting from quantitative DNA analyses. On the other hand, numerous investigations highlight the potential for misinterpretation in sequence frequency [42]. A study by Thomas et al. [20] also underscores the substantial impact of primer selection on the quantitative composition of zooplankton.



Studies have highlighted complications in sequence frequency when species occur in very low numbers within a sample. In such cases, these species can be overrepresented compared to more abundant ones [20,43]. However, our results show that this must not always be the case. While individual species like B. longimanus and L. kindtii were morphologically classified, they could not be detected through metabarcoding. Similar findings are evident in a study by Harvey et al. [22] identifying different copepods and fish eggs. In some cases, specific taxa were identified through NGS but could not be morphologically confirmed, and vice versa. In their studies, the discrepancy might also be attributed to the nature of the sampling process, as two different samples were collected in close temporal proximity, unlike our approach where exactly the same sample was analyzed.



The high concordance in zooplankton composition (Table 1, Figure 4) when compared to visual morphological identification through ZooScan underlines that metabarcoding can offer a time-efficient complement for the ZooScan method. Additionally, it is important to highlight that Lake Starnberg boasts a considerable water volume. Our results (Figure 3) reveal a relatively uniform distribution of zooplankton within the sampling depth of 17 m (euphotic zone) across the north–south gradient, with the exception of predatory cladocerans. Such a result was anticipated due to the relatively uncomplicated geomorphology of Lake Starnberg, resulting in a single large deep water basin with a uniform mixing regime. Our investigation illustrates that zooplankton assessment by both methods, particularly regarding the distribution of different zooplankton groups with different nutritional value for fish, yields promising results. This suggests that both approaches offer extensive capabilities for elucidating zooplankton compositions, particularly regarding the ratio of copepods to cladocerans which can often be an important zooplankton community characteristic in terms of food quality of zooplankton for fish [44]. The high number of samples that can be processed in comparison to classical microscopic counting and identification allows a much higher temporal and spatial resolution of analyses of zooplankton dynamics in lakes [18,30]. Such a better temporal and spatial resolution can offer more detailed insights into pelagic ecosystem processes highly relevant for lake and fisheries management [5,45]. Our sampling transects including 10 sampling points showed a high persistency of results but also demonstrated sampling-point-specific community composition. For example, predatory cladocerans, which can be a very important source of food for fish and thereby can influence fish foraging patterns [46], were distributed unevenly along the sampling transect. Obviously, by comparing both methods one can observe some differences between detection probabilities along the transect. For more common zooplankton groups, the detection differences were however comparable along the transect. Depending on the research question (necessary taxonomic resolution of zooplankton, high-frequency spatial/temporal analyses, etc.), each method offers specific advantages. ZooScan shows some advantages in cases where a high taxonomic resolution is not required, but biomass or other image-analysis-derived proxies are necessary (Figure 3). For example, ZooScan can, in contrast to metabarcoding approaches, differentiate between egg-bearing and non-egg-bearing zooplankton and different juvenile stages (copepodites) [15]. Metabarcoding’s advantages compared to ZooScan include a higher taxonomic resolution and the ability to detect taxa that are below thresholds for detection by optical methods [22].




5. Conclusions


Our results show that automated optical and molecular methods can give comparable results on zooplankton abundances. ZooScan provides a detailed proxy for biomass and individual zooplankton counts. It proves to be less time-consuming than traditional manual zooplankton analyses. This method still requires a high amount of labor, which limits the number of possible samples. In contrast, metabarcoding provides the possibility to analyze multiple samples at once or composite samples, or a multitude of samples collected from waterbodies varying in size, in a short timeframe, thereby reducing labor and costs. The molecular data (reads) were clearly related to abundance and biomass estimates from automated imaging. Both analyses complement each other and using both automatized methods combined on the same sample can result in more precise calculations of biomass proxies and taxonomic resolution than either method on its own. The comparison of both methods can give insights which either method individually cannot deliver.



Additionally, raw data generated by both methods are open for later reanalyses in case improved methods (such as, for example, AI-based image analyses) become available. Therefore, long-term data series on zooplankton including imaging as well as molecular data are accessible for optimal reanalyses at later stages.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/w16030411/s1, Figure S1. Zooplankton distribution based on 10 samples (each collected in September 2021) along a north–south sampling transect in Lake Starnberg. The transformed zooplankton abundances from metabarcoding (read_log) and ZooScan (count_log) are presented, along with the calculated biomass estimations (maj_biomass_log, ESD_biomass_log). Table S1: List of OTUs and the correlating genus created from the metabarcoding raw data for every sampling location. Table S2: Transformed (log10 (x + 1) data from metabarcoding reads, ZooScan biomass (ESD, length major axis), and ZooScan count per taxa at every sampling location.
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Table A1. ZooScan analysis (ZS) of counts, biomass (bodylength/major axis, ESD), and the number of reads detected through metabarcoding.






Table A1. ZooScan analysis (ZS) of counts, biomass (bodylength/major axis, ESD), and the number of reads detected through metabarcoding.





	

	

	
Number of Sample Location

	




	

	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
Mean






	
Bosmina spp.

	
ZS count

	
35

	
28

	
25

	
60

	
67

	
73

	
76

	
45

	
55

	
57

	
52.1




	
ZS ESD [pixel]

	
27,566,182.12

	
32,495,496.12

	
19,029,160.31

	
52,665,226.17

	
55,490,778.83

	
51,028,271.22

	
60,290,752.10

	
32,217,069.42

	
69,362,878.87

	
43,161,058.88

	
44,330,687.40




	
ZS length [pixel]

	
70,587,289.32

	
85,142,052.44

	
46,622,046.35

	
132,396,936.54

	
157,732,885.05

	
133,450,427.75

	
162,635,117.60

	
81,453,143.99

	
184,883,536.82

	
118,796,394.16

	
117,369,983.00




	
reads

	
410

	
916

	
377

	
788

	
680

	
415

	
1007

	
364

	
322

	
370

	
564.9




	
Bythotrephes longimanus

	
ZS count

	
0

	
3

	
1

	
1

	
3

	
1

	
3

	
5

	
4

	
2

	
2.3




	
ZS ESD [pixel]

	
0

	
26,066,701.65

	
6,043,315.86

	
10,914,324.13

	
24,208,511.41

	
6,209,493.52

	
18,531,729.95

	
55,292,988.65

	
32,163,017.49

	
40,780,173.55

	
22,021,025.62




	
ZS length [pixel]

	
0

	
223,473,643.05

	
94,010,182.89

	
64,481,201.00

	
232,910,637.39

	
23,124,764.56

	
118,665,461.00

	
245,621,937.54

	
232,317,861.20

	
104,543,339.72

	
133,914,902.84




	
reads

	
0

	
6

	
0

	
4

	
5

	
2

	
9

	
13

	
21

	
0

	
6




	
calanoid copepod

	
ZS count

	
55

	
72

	
67

	
176

	
125

	
90

	
120

	
132

	
143

	
194

	
117.4




	
ZS ESD [pixel]

	
72,098,081.70

	
90,008,701.24

	
78,486,813.29

	
229,454,031.17

	
165,574,001.42

	
112,693,383.91

	
147,953,500.99

	
163,016,513.95

	
168,342,631.00

	
248,853,829.59

	
147,648,148.83




	
ZS length [pixel]

	
424,386,413.57

	
543,696,952.05

	
394,100,694.89

	
988,346,542.37

	
919,737,681.68

	
577,768,692.34

	
738,921,135.01

	
677,658,890.31

	
812,868,715.53

	
1,411,054,299.64

	
748,854,001.74




	
reads

	
40

	
101

	
27

	
90

	
36

	
140

	
35

	
79

	
42

	
47

	
63.7




	
cyclopoid copepod

	
ZS count

	
106

	
93

	
73

	
95

	
86

	
79

	
109

	
111

	
98

	
78

	
92.8




	
ZS ESD [pixel]

	
117,447,700.49

	
96,835,928.62

	
79,929,652.05

	
103,016,793.44

	
100,803,418.60

	
80,244,816.57

	
101,225,792.52

	
121,677,697.05

	
97,790,488.10

	
78,786,373.58

	
97,775,866.10




	
ZS length [pixel]

	
640,100,884.52

	
507,669,510.88

	
439,185,225.17

	
563,845,827.32

	
597,904,269.80

	
491,577,917.21

	
646,761,576.30

	
732,360,853.05

	
519,144,921.68

	
471,955,804.21

	
561,050,679.01




	
reads

	
9778

	
4666

	
8300

	
6681

	
4942

	
6426

	
5415

	
4370

	
3445

	
3128

	
5715.1




	
Daphnia spp.

	
ZS count

	
173

	
235

	
139

	
233

	
274

	
202

	
183

	
316

	
350

	
288

	
239.3




	
ZS ESD [pixel]

	
306,893,805.18

	
499,874,607.97

	
314,201,460.96

	
472,928,350.61

	
519,948,737.81

	
392,833,635.37

	
401,175,718.37

	
622,046,569.80

	
695,818,379.94

	
556,503,158.23

	
478,222,442.42




	
ZS length [pixel]

	
1,180,043,451.50

	
2,022,277,561.51

	
1,123,595,795.78

	
1,961,352,933.25

	
2,075,519,518.70

	
1,589,159,574.14

	
1,540,446,053.76

	
2,530,286,146.69

	
2,745,435,377.57

	
2,164,620,995.36

	
1,893,273,740.83




	
reads

	
3890

	
7042

	
5512

	
6311

	
5522

	
5839

	
6006

	
4636

	
5471

	
4181

	
5441.0




	
Leptodora kindtii

	
ZS count

	
3

	
2

	
1

	
1

	
1

	
3

	
3

	
4

	
4

	
4

	
3




	
ZS ESD [pixel]

	
59,423,738.91

	
110,460,445.39

	
83,242,428.14

	
36,287,042.20

	
42,822,250.27

	
128,466,750.81

	
128,466,750.81

	
133,006,482.04

	
200,730,084.96

	
213,002,171.28

	
113,590,814.48




	
ZS length [pixel]

	
389,754,324.62

	
524,410,928.38

	
273,738,689.72

	
170,400,051.70

	
200,612,600.96

	
601,837,802.89

	
601,837,802.89

	
618,792,587.69

	
1,330,508,641.16

	
828,707,218.43

	
554,060,064.84




	
reads

	
0

	
65

	
37

	
38

	
15

	
41

	
106

	
89

	
0

	
181

	
57.2
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Table A2. Percentage sample deviation between DNA read minus ZooScan biomass via ESD, DNA read minus ZooScan count and DNA read minus ZooScan biomass via major axis (bodylength) for each taxa.






Table A2. Percentage sample deviation between DNA read minus ZooScan biomass via ESD, DNA read minus ZooScan count and DNA read minus ZooScan biomass via major axis (bodylength) for each taxa.





	
Taxa

	
Comparison

	
Sample Deviation [%]




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10






	
Bosmina spp.

	
read_minus_ESD

	
3.4

	
3.8

	
3.7

	
3.3

	
4.3

	
1.8

	
3.7

	
1.7

	
3.6

	
3.1




	
read_minus_count

	
3.1

	
2.8

	
1.4

	
−0.3

	
0.6

	
−2.8

	
0.0

	
0.3

	
1.9

	
0.5




	
read_minus_maj

	
3.9

	
4.2

	
4.2

	
3.8

	
4.7

	
2.2

	
4.1

	
2.1

	
4.0

	
3.4




	
calanoid copepod

	
read_minus_ESD

	
−6.2

	
−3.5

	
−6.2

	
−4.4

	
−5.9

	
−2.2

	
−6.7

	
−4.1

	
−4.1

	
−4.9




	
read_minus_count

	
−7.7

	
−8.0

	
−12.4

	
−11.8

	
−11.4

	
−7.0

	
−11.7

	
−8.8

	
−9.1

	
−11.5




	
read_minus_maj

	
−6.4

	
−3.6

	
−6.2

	
−4.3

	
−5.9

	
−2.3

	
−6.8

	
−4.1

	
−4.1

	
−5.2




	
cyclopoid copepod

	
read_minus_ESD

	
13.4

	
7.4

	
12.5

	
9.0

	
10.0

	
9.6

	
8.0

	
7.8

	
11.3

	
9.4




	
read_minus_count

	
9.0

	
1.7

	
5.8

	
3.8

	
5.7

	
5.1

	
3.2

	
3.6

	
7.5

	
5.9




	
read_minus_maj

	
13.3

	
7.4

	
12.4

	
8.8

	
9.8

	
9.3

	
7.8

	
7.5

	
11.2

	
9.0




	
Daphnia spp.

	
read_minus_ESD

	
9.0

	
7.1

	
9.8

	
7.4

	
8.8

	
7.9

	
7.1

	
6.5

	
11.1

	
8.6




	
read_minus_count

	
3.0

	
−1.7

	
0.9

	
−0.6

	
0.6

	
0.3

	
1.1

	
−0.8

	
3.4

	
0.9




	
read_minus_maj

	
9.3

	
7.4

	
10.2

	
7.6

	
9.1

	
8.0

	
7.3

	
6.6

	
11.4

	
8.7




	
Bythotrephes longimanus

	
read_minus_ESD

	
0.0

	
−10.0

	
−14.7

	
−10.1

	
−9.8

	
−11.1

	
−8.5

	
−8.3

	
−4.9

	
−15.7




	
read_minus_count

	
0.0

	
−1.3

	
−3.8

	
1.4

	
−0.9

	
−0.1

	
0.3

	
−0.2

	
3.4

	
−5.0




	
read_minus_maj

	
0.0

	
−10.6

	
−15.8

	
−10.5

	
−10.5

	
−11.2

	
−8.9

	
−8.4

	
−5.3

	
−15.4




	
Leptodora kindtii

	
read_minus_ESD

	
−19.6

	
−4.9

	
−5.2

	
−5.2

	
−7.3

	
−6.0

	
−3.5

	
−3.6

	
−17.0

	
−0.5




	
read_minus_count

	
−7.4

	
6.6

	
8.1

	
7.4

	
5.4

	
4.5

	
7.1

	
6.0

	
−7.1

	
9.3




	
read_minus_maj

	
−20.0

	
−4.8

	
−4.8

	
−5.3

	
−7.3

	
−6.0

	
−3.5

	
−3.7

	
−17.3

	
−0.5
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Table A3. Percentage similarity without predatory cladocerans between ZooScan count and DNA reads, ZooScan biomass via bodylenght and DNA reads and ZooScan biomass via ESD and DNA reads for each sampling location at Starnberg Lake.






Table A3. Percentage similarity without predatory cladocerans between ZooScan count and DNA reads, ZooScan biomass via bodylenght and DNA reads and ZooScan biomass via ESD and DNA reads for each sampling location at Starnberg Lake.





	Sampling Location
	Similarity Count vs. Reads [%]
	Similarity Bodylenght Biomass vs. Reads [%]
	Similarity ESD Biomass vs. Reads [%]





	1
	90.6
	87.8
	87.8



	2
	91.7
	90.9
	91.3



	3
	87.2
	86.5
	86.4



	4
	88.9
	90.1
	89.8



	5
	88.0
	87.8
	88.1



	6
	91.0
	90.1
	89.8



	7
	87.7
	87.6
	87.8



	8
	90.7
	90.1
	89.7



	9
	88.8
	87.7
	87.4



	10
	87.6
	88.5
	88.3



	Mean
	89.2
	88.7
	88.6



	Median
	88.8
	88.2
	88.2



	SD
	1.56
	1.38
	1.40
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Figure 1. Map of the zooplankton sampling locations at Lake Starnberg in Germany. 
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Figure 2. Relationships between counts, bodylength biomass (major axis), and ESD biomass of zooplankton organisms by using ZooScan and the number of reads obtained through metabarcoding. The solid lines depict significant relationships, accompanied by 95% confidence intervals. 
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Figure 3. Zooplankton distribution based on 10 samples (each collected in September 2021) along a north–south sampling transect in Lake Starnberg. The transformed zooplankton abundances from metabarcoding (read_log) and ZooScan (count_log) are presented, along with the calculated biomass estimations (bodylength_biomass_log, ESD_biomass_log). 
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Figure 4. Deviation (%) of relative zooplankton abundance between metabarcoding and morphological identification using ZooScan (count), along with the calculated biomass estimation (major and ESD), from 10 samples in Lake Starnberg (September 2021) along a north–south sampling transect. Detailed data can be found in Table A2 of Appendix B. 
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Table 1. The percentage similarity between the metabarcoding approach and ZooScan analyses for the same 10 zooplankton samples from Lake Starnberg was assessed. The comparison involved counts, biomass (calculated using the major axis and ESD value), and the read count from metabarcoding. All data have been transformed (log10 (x + 1)).






Table 1. The percentage similarity between the metabarcoding approach and ZooScan analyses for the same 10 zooplankton samples from Lake Starnberg was assessed. The comparison involved counts, biomass (calculated using the major axis and ESD value), and the read count from metabarcoding. All data have been transformed (log10 (x + 1)).





	
Sample (ID)

	
Percentage Similarity [%]




	
ZooScan Count vs. Read [%]

	
Biomass (Bodylength/Major Axis) vs. Read [%]

	
Biomass (ESD) vs. Read [%]






	
1

	
84.9

	
73.6

	
74.2




	
2

	
88.9

	
81.0

	
81.7




	
3

	
83.8

	
73.2

	
74.0




	
4

	
87.4

	
79.9

	
80.3




	
5

	
87.7

	
76.3

	
77.0




	
6

	
90.1

	
80.5

	
90.4




	
7

	
88.3

	
80.8

	
81.2




	
8

	
90.1

	
83.8

	
84.0




	
9

	
83.8

	
73.3

	
74.0




	
10

	
83.5

	
78.9

	
78.9




	
Mean

	
86.8

	
78.1

	
79.6




	
Median

	
87.5

	
79.4

	
79.6




	
SD

	
2.5

	
3.6

	
4.9
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