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Abstract
The use of molecular tools for the detection and identification of invertebrate species enables the development of more easily
standardisable inventories of biological elements for water quality assessments, as it circumvents human-based bias and errors
in species identifications. Current Ecological Quality Ratio (EQR) assessments methods, however, often rely on abundance data.
Translating metabarcoding sequence data into biomass or specimen abundances has proven difficult, as PCR amplification bias
due to primer mismatching often provides skewed proportions of read abundances. While some potential solutions have been
proposed in previous research, we instead looked at the necessity of abundance data in EQR assessments. In this study, we used
historical monitoring data from natural (lakes, rivers and streams) and artificial (ditches and canals) water bodies to assess the
impact of species abundances on the EQR scores for macroinvertebrates in the Water Framework Directive (WFD) monitoring
programme of The Netherlands. By removing all the abundance data from the taxon observations, we simulated presence/absencebased monitoring, for which EQRs were calculated according to traditional methods. Our results showed a strong correlation
between abundance-based and presence/absence-based EQRs. EQR scores were generally higher without abundances (75.8% of
all samples), which resulted in 9.1% of samples being assigned to a higher quality class. The majority of the samples (89.7%) were
assigned to the same quality class in both cases. These results are valuable for the incorporation of presence/absence metabarcoding
data into water quality assessment methodology, potentially eliminating the need to translate metabarcoding data into biomass or
absolute specimen counts for EQR assessments.
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Introduction
Quality monitoring of freshwater ecosystems is prescribed under the European Union Water Framework Directive of 2000 (EU WFD; Directive 2000/60/EC) and
focuses on monitoring of biological quality elements
(BQEs). In Europe, benthic invertebrates are one of the
most prevalently monitored BQE (Birk et al. 2012). Invertebrate communities are made up of species that represent a broad range of trophic levels, ecological functions

and tolerances to stressors (Kenney et al. 2009). Traditional monitoring of freshwater macroinvertebrates, however, is labour-intensive and heavily dependent on expert
knowledge of the assessors, making it slow, expensive
and prone to human-induced bias and errors at all stages
of collecting, sorting and identifying (Clarke and Hering
2006, Haase et al. 2010).
The incorporation of DNA barcodes (Hebert et al.
2003) into the identification process seems to have alleviated some of the human-induced issues. The use of these
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barcodes for identification of species has become more
and more accepted, especially given the decline in traditional taxonomists (Hopkins and Freckleton 2002) and the
ability of DNA barcodes to provide identifications of nonadult specimens and distinguish between cryptic clades
(Sweeney et al. 2011, Jackson et al. 2014, Macher et al.
2016). Recent developments in DNA metabarcoding show
high potential to assess biodiversity across many biomes
(Taberlet et al. 2012, Carew et al. 2013, Leray et al. 2013,
Gibson et al. 2014, Stein et al. 2014, Pauls et al. 2014).
Now that the actual identification of species in bulk
samples with high throughput sequencing (HTS) has
shown its efficacy, the focus seems to shift towards solving some of the other issues concerning these novel strategies, especially the relationship between input biomass
or specimen counts and output HTS sequence abundances (Amend et al. 2010, Aylagas et al. 2018, Deagle et al.
2013, Kelly et al. 2014, Elbrecht and Leese 2015, Piñol
et al. 2015, Gibson et al. 2015, Hering et al. 2018).
The discussion, regarding the use of HTS read counts
as an approximation of biomass or specimen abundances, is important for the biological components of the
WFD as well. Abundance of (indicator) species or species groups is used in many European assessment metrics
(albeit regularly as abundance classes) and is often part
of multi-metric approaches (Birk et al. 2012, Hering et
al. 2018, Pawlowski et al. 2018). While information on
species abundances and evenness are generally considered important ecosystem properties, the often relatively
simple WFD scoring systems may abide with a presence/
absence-based methodology. Most traditional morphological monitoring relies on specimen count data, rather than biomass abundances, so even in situations where
read abundances can be translated into relative biomass,
comparisons are difficult, considering also that most invertebrate taxa differ in biomass depending on their life
stage. If presence/absence data can be as useful for WFD
scoring as abundance data, it would allow for easier and
faster incorporation of molecular techniques, especially
now that efforts have been made to infer biotic indices
from DNA data (Aylagas et al. 2014, Elbrecht et al. 2017,
Pawlowski et al. 2018).
In this study, therefore, we assessed the influence
of species abundances on the Ecological Quality Ratio
(EQR) scores for macroinvertebrates in the WFD monitoring programme of The Netherlands. The Dutch system
uses abundance data (in the form of abundance classes)
for macroinvertebrates, where each species is scored as
either a positive indicator, a negative indicator, a characteristic species or none of the aforementioned, depending on the type of water body (Evers et al. 2012, Van der
Molen et al. 2016). A simple formula is used to calculate
the ratio between normalised values for the indicators
and expected reference values for the water type, which
is expressed as a value between 0 and 1. Using historical
records from traditional monitoring, we evaluated whether abundance data and presence/absence-based data produce comparable EQR scores.
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Methods
EQR scores for macrofauna were calculated on historical monitoring data from four Dutch water authorities
(Hoogheemraadschap van Rijnland, Waterschap Aa en
Maas, Waterschap Brabantse Delta and Waterschap Rivierenland), using morphological macroinvertebrate records from 2009 to 2017. These records are based on traditional macrofauna monitoring using kick-net sampling
and morphological identification. The dataset included
877 monitoring locations spanning 23 different water
types according to the Dutch classification system. Most
locations were monitored more than once (some even annually), creating a total of 1780 macrofauna samples. An
overview of the samples is provided in Table 1.
EQR macrofauna scores were calculated for all samples. The scoring system is based on the presence and/or
abundance of positive indicator (DP), negative indicator
(DN) and characteristic (KM) taxa. Most taxa are identified to species level in the Dutch macrofauna metrics,
although for some “harder to identify” groups, species
aggregates or higher-level taxonomic assignments are
used (Evers et al. 2012, Van der Molen et al. 2016). In
the most recent version of the Dutch WFD benchmarks,
the absolute abundances of the dominant negative and the
characteristics species used in the calculation are transformed into abundance classes (Van der Hammen 1992).
The EQR scores are calculated according to three different methods, based on the water type. Natural water
bodies are divided into lentic and lotic. For lentic water
bodies, such as lakes, the EQR is calculated according to
the formula:
200 ∗ (

%
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%
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where KM% is the percentage of characteristic taxa, KMmax is a constant value representing the expected fraction of characteristic taxa depending on the specific water
type, DN% is the percentage of negative indicator individuals and KMDP% is the percentage of characteristic
and positive indicator individuals (Van der Molen et al.
2016). Lotic water bodies, such as streams and rivers, are
calculated slightly differently, with more emphasis on the
negative indicators:
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For artificial water bodies, such as ditches and canals,
the calculation is performed according to the following
formula:
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Table 1. Overview of samples. Distribution of samples used in this study, per water authority (includes survey time span), divided into
the three categories defined by the EQR calculation: artificial ditches and canals, natural lentic (lakes) waters and natural lotic (rivers
and streams) waters. No monitoring sites are present in rivers and streams for Hoogheemraadschap van Rijnland.

Hoogheemraadschap Rijnland (2009–2014)
Waterschap Aa en Maas (2011–2017)
Waterschap Brabantse Delta (2011–2016)
Waterschap Rivierenland (2011–2017)
Total

Natural waters
Lakes (type M12 –
Rivers and streams
M32)
(type R04 – R18)
198
n/a
9
221
139
230
8
56
354
507

where PT is the absolute number of positive indicator
taxa, PTmax is the absolute number expected positive
indicator taxa, DN% is the percentage of negative indicator individuals and DNmax is a constant value depending on the specific water type (Evers et al. 2012). The
resulting score of all formulae is a value between 0 and
1, which is subdivided into five quality classes: “bad”
(EQR <0.2), “poor” (0.2–0.4), “moderate” (0.4–0.6),
“good” (0.6–0.8) and “high” (0.8–1.0). These scores
also reflect how observed conditions compare to reference status (and thus target status) for the assessed water
type, where the highest status shows no difference and
the lowest status shows substantial differences (Birk et
al. 2012). For artificial water bodies, there are only four
quality classes, with “good” representing scores between
0.6 and 1.0, as artificial waters have no natural reference
status for comparison.
For each of the 1780 samples, EQR scores were calculated using both original data with abundance classes and
a manipulated dataset, converted to a presence/absence
monitoring scheme by setting all specimen counts to 1.
Any duplicate taxa in a given sample (e.g. where both
adult and juvenile specimens were recorded separately)
were removed to avoid aggregation into abundance classes other than 1 (abundance class 1 indicates a single specimen was found). QBWat software version 5.33 (Pot 2015)
was used to compare and score the original and manipulated monitoring lists with predefined positive and negative
indicator species lists, as well as the characteristic taxa
list and the EQR based on the relevant formula for each
water type was calculated. These predefined species lists
(positive indicators, negative indicators and characteristic
taxa) have been created specifically for EQR assessments
and are based on species characteristics described in literature and expert judgements (Van der Molen et al. 2016).
EQR scores with and without abundances were compared
to determine the effect on the score, as well as the effect
on the classification into the five quality classes. Dunn’s
test was used to investigate the difference between water
types and between quality classes.

Results
The investigated macrofauna samples had an average of
72.1 ± 0.8 (mean ± SEM) species (minimum 1, maxi-

Artiﬁcial waters
Ditches and canals
(type M01 – M10)
173
150
62
534
919

Total
371
380
431
598
1780

mum 217) recorded, with an average of 1221.5 ± 25.8
specimens (minimum 1, maximum 11767). Mean EQRs,
calculated with presence/absence-based data, were highly correlated to original EQRs based on abundance class
data, for natural lentic sites (Pearson correlation r = 0.993,
p <0.001) (Figure 1A), natural lotic sites (Pearson correlation r = 0.982, p <0.001) (Figure 1B) and artificial
sites (Pearson correlation r = 0.983, p <0.001) (Figure
1C). Neither of the EQRs, nor the difference between
the two scores (ΔEQR) followed a normal distribution.
Mean EQR without abundance data was 0.424 ± 0.003,
which was significantly higher than the mean EQR calculated with abundance classes (0.404 ± 0.003) (Wilcoxon signed-rank test, p <0.001). The majority of EQRs
were higher without abundances (1349 samples, 75.8%),
359 samples scored lower (20.2%) and only 72 out of
1780 samples (4.0%) scored exactly the same (based on
scores with three decimal digits). The removal of abundance classes had significantly less impact on the scoring
for natural lentic systems (mean ΔEQR 0.006 ± 0.001)
than it had on both natural lotic systems (0.021 ± 0.001)
and artificial water bodies (0.024 ± 0.001) (Dunn’s test,
p <0.001). There was no significant difference between
the lotic and artificial systems (Figure 2A). Removal of
abundance data had a stronger effect on samples from the
lowest quality class (“bad”), where the mean ΔEQR was
significantly higher than all other quality classes (Dunn’s
test, p <0.001). Mean ΔEQR of the “poor” class, in turn,
was significantly higher than those of “moderate” and
“good” (Dunn’s test, p <0.001), while there was no significant difference in the impact on “moderate” and “good”.
The “high” class was excluded from this analysis with
only two of 1780 samples being assigned to that category
(Figure 2B).
When assigning quality classes to the EQRs based on
presence/absence data, 1596 (89.7%) of all samples were
assigned to the same class, 22 (1.2%) were scored lower
and 162 (9.1%) were scored higher. The change was most
profound in the samples originally assigned to “bad”,
where 51 out of 117 (43.6%) were assigned to “poor”,
the class above. Results were comparable for the different
water types: 95.2% of natural lentic samples, 89.9% of
natural lotic samples and 87.4% of artificial samples were
assigned to the same class. Samples assigned to a different
quality class were assigned to a class either directly below
or directly above its previous classification.
https://mbmg.pensoft.net
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Figure 1. EQR (presence/absence) versus EQR (abundance classes). Comparison of macroinvertebrate EQR scores in standard
assessment using abundance classes and EQR scores in simulated scenarios with presence/absence data for (A) natural lentic waters
(lakes, n=354), (B) natural lotic waters (streams and rivers, n=507) and (C) artificial waters (ditches and canals, n=919). Coloured
boxes indicate EQR quality classes: “bad” (red), “poor” (orange), “moderate” (yellow), “good” (green) and “high” (blue). For artificial water bodies, there are only four quality classes, with “good” representing scores between 0.6 and 1.0. For all comparisons, the
EQR scores of abundance class data and presence/absence data was significantly correlated (Pearson correlation, p <0.001). Pearson
correlation values are provided in the panels.
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Figure 2. Factors influencing ΔEQR. Comparison of differences in EQR between assessment using abundance classes and using
presence/absence data, (A) split by water type and EQR calculation method and (B) split per original assessment quality class
(“high” was omitted, with only two samples in this data set). On average, classifications without abundance are higher than original
assessments (ΔEQR positive). Removal of abundance resulted in significantly lower differences in natural lentic waters compared
to natural lotic and artificial waters (Dunn’s test, p <0.001). There was no significant difference between lotic and artificial. Removal
of abundance data has significantly more impact on EQR assessments for samples originally classified as “bad” compared to all
other classes (Dunn’s test, p <0.001). ΔEQR was also significantly higher in “poor” samples compared to “moderate” and “good”.

Discussion
Our results show there is a strong correlation between
traditional EQR based on freshwater macrofauna using
abundance data and EQRs calculated without abundance
data in the Dutch system. For most samples, scores were
comparable between the abundance- and presence/absence-based methods, with the majority (89.7%) being
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assigned to the same quality class in both cases. The difference seems to be largest in samples at the lower end of
the EQR score spectrum, with almost half (43.6%) ending
up in a higher quality class (“poor” instead of “bad”).
Based on the formulae used for the calculation of the
EQRs, it can already be deduced that abundance is not a
consideration for all components that determine the final
score. For natural lakes, half the score is represented by
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the fraction of characteristic taxa, which does not take individual specimen counts into account. The fraction of the
score defined by factors that use abundance data is slightly lower for natural streams and rivers (two fifths) and for
artificial ditches and canals abundances are not used for
two thirds of the final score. (Van der Molen et al. 2016).
Interestingly, in our analysis, the impact of removal of
abundances was significantly smaller in lakes than it was
in rivers and streams and artificial water bodies (Figure
2A). A larger impact on rivers and streams was expected, as 60% of the final EQR is based on the abundance
of individuals scoring on each of the three indicator lists
(positive, negative and characteristic). However, in the artificial systems, this only amounts to one third of the final
score, so one would expect the impact to be smaller, especially considering that the quality classes most impacted
by the removal of abundance (“bad” and “poor”, Figure
2B) only account for 35.8% of the artificial water samples
in the data presented in this paper, whereas those classes
account for 49.4% and 81.1% of lakes and streams, respectively.
The parts of the EQR score that do rely on abundance
data in the Dutch system use abundance classes rather
than actual specimen abundances. This may be a major
factor in why the removal of abundances has only a limited impact on the EQR scores. Abundance classes were
introduced into the Dutch metrics to reduce the effect
of extremely high abundances of a single species on the
EQR. The abundance class system uses a total of nine
classes, where class “1” represents a single specimen
and class “9” represents abundances over 1808 specimens. When applied to the monitoring data, this means
that an abundance of 20 specimens is translated to class
“4”, whereas an abundance of 200 specimens is assigned
to class “6”. Thus, whilst the actual abundance difference might be tenfold, in the calculation it would be only
1.5-fold, already reducing the effect of absolute abundances on the final EQR (van der Hammen 1992, Evers
et al. 2012).
These observations are important when considering the
incorporation of molecular techniques into WFD quality
monitoring methodology. Given that techniques, such as
metabarcoding, are proving their efficacy in the process
of identification of species in bulk samples, incorporation
of such techniques into the actual monitoring is only a
matter of time (Zimmermann et al. 2015, Elbrecht et al.
2016, Pawlowski et al. 2018). Efforts have been made
in trying to link amplification bias in HTS with amplification success and PCR efficiency of quantitative PCR
(qPCR) methods, showing there may be a relationship between low read numbers in HTS and high Cq values in
qPCR, although PCR efficiency itself seemed unrelated
(Pawluczyk et al. 2015). Even in case such an approach
would yield usable information, it would not only require
a priori knowledge of species present within a sample,
but also seems cumbersome in complex monitoring samples, such as the ones used for this study (with an average
of 72 species).

5

While our results imply that the technically difficult
DNA-based quantifications might be avoided when calculating EQR scores, being able to measure species-abundance relationships from DNA data would nonetheless be
desirable, since such relationships play an important role
in understanding community composition and dynamics
(Hubbell 2001). However, even for the relatively straightforward EQR scoring, the findings in this study cannot
be translated into a conclusion that any bias can simply
be ignored. These biases are an important consideration
when generating taxon lists using HTS on bulk sample
metabarcoding. Uneven distributions, paired with preferential amplification of certain taxonomic groups, will
result in incomplete recovery of taxa from a sample. It
is therefore still important to take the necessary steps to
avoid primer bias as much as possible.
One of the main advantages of DNA-based identifications over traditional taxonomy is the ability to reliably identify larval stages and complicated taxonomical
groups, for example in cryptic species, showing contrasting reactions to stressors (Beermann et al. 2018, Macher
et al. 2016). The use of metabarcoding to replace morphological taxonomic assignment will bring changes to
the species lists that can be used for EQR or other quality
assessments because there will be more information on
those groups that are currently underused due to identification difficulties, as well as potentially higher resolutions
of the identifications. Such changes alone may already
prove challenging to use in traditional EQR assessments,
as these systems have been set up with known limitations
in mind. The Dutch macrofauna metric, for instance,
makes little to no distinction between genera and species
in the family Tubificidae, and many Chironomidae genera
have the same scoring for each of its species (Van der Molen et al. 2016). Any such changes alone would warrant a
new system, rather than recalibration of the currently used
methodologies that are partly built around the limitations
of morphological identifications. However, until the lack
of knowledge about species-level responses to stressors
has been resolved, higher-resolution taxa lists can be
merged into less resolved levels to allow for compatibility
with current assessment systems.
Taking these considerations into account, together with
the fact that expanding the DNA barcode repository for
freshwater macroinvertebrates is one of the main focal
points of the European DNAqua-Net collaboration (Leese
et al. 2016), the generation of reliable species lists based
on molecular data rather than morphological assessments
is no longer a vision for the future. EQRs have always been
used as a way to quickly assess the ecological status of water bodies. Thorough knowledge of the potential caveats in
molecular identification and/or detection techniques will
allow for new EQR methods to be developed, methods
better suited for use with molecular data. The transition
towards DNA-based EQRs certainly has the potential to
induce supranational standardisation within water quality
assessment. Especially with international collaborations
such as those in DNAqua-Net, which states that its goal
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is to “develop a roadmap to include [DNA-based tools] in
the standardized ecological assessment of aquatic ecosystems in Europe and beyond” (Leese et al. 2016). Any such
molecular-based EQRs might benefit from using more
easily generated presence/absence taxon lists instead of an
abundance-based analysis, allowing for faster and more
and easily standardisable water quality assessments.

Conclusion
We demonstrated the viability of adopting presence/absence data instead of specimen abundance data in a WFD
water quality assessment programme. Given all obstacles
hampering the translation of HTS read data into biomass
or absolute specimen counts, this paves the way for incorporating metabarcoding workflows into future assessment
methodology. While species abundances are still valuable
for a thorough ecological understanding of natural systems, the EQRs have been used more as a relatively quick
assessment of ecological status of water bodies compared
to reference situations. The EQR methodology used in
this paper applies to the quality monitoring in The Netherlands and results may vary for other nations, based on
the methods of EQR calculation. We urge researchers to
look into the actual influence of abundance data on their
WFD programmes and in studies using metabarcoding
data. With molecular techniques, such as metabarcoding
of environmental DNA or bulk samples, proving to be
successful, it is imperative that developments in routine
EQR assessments, be they recalibrations or entirely new
systems, strive to be more compatible with the potential
lack of abundance data.

Acknowledgments
This study was part of the DNA Waterscan project funded
by the Gieskes-Strijbis Fonds. Preliminary simulations of
abundance data and EQR-scores were performed by Royal HaskoningDHV. We thank the Hoogheemraadschap
van Rijnland and Aquon for providing data and instructions for the QBWat software programme and Waterschap
Aa en Maas, Waterschap Brabantse Delta and Waterschap
Rivierenland for additional monitoring data.

References
Amend AS, Seifert KA, Bruns TD (2010) Quantifying microbial communities with 454 pyrosequencing: Does read abundance count?
Molecular Ecology 19: 5555–5565. https://doi.org/10.1111/j.1365294X.2010.04898.x
Aylagas E, Borja Á, Rodríguez-Ezpeleta N (2014) Environmental Status Assessment Using DNA Metabarcoding: Towards a Genetics
Based Marine Biotic Index (gAMBI). PLoS ONE 9: e90529. https://
doi.org/10.1371/journal.pone.0090529

https://mbmg.pensoft.net

Aylagas E, Borja Á, Muxika I, Rodríguez-Ezpeleta N (2018) Adapting metabarcoding-based benthic biomonitoring into routine marine
ecological status assessment networks. Ecological Indicators 95:
194–202. https://doi.org/10.1016/j.ecolind.2018.07.044
Beermann AJ, Zizka VMA, Elbrecht V, Baranov V, Leese F (2018)
DNA metabarcoding reveals the complex and hidden responses of
chironomids to multiple stressors. Environmental Sciences Europe
30: 26. https://doi.org/10.1186/s12302-018-0157-x
Birk S, Bonne W, Borja A, Brucet S, Courrat A, Poikane S, Solimini
A, Van De Bund W, Zampoukas N, Hering D (2012) Three hundred
ways to assess Europe’s surface waters: An almost complete overview of biological methods to implement the Water Framework Directive. Ecological Indicators 18: 31–41. https://doi.org/10.1016/j.
ecolind.2011.10.009
Carew ME, Pettigrove VJ, Metzeling L, Hoffmann AA (2013) Environmental monitoring using next generation sequencing: rapid identification of macroinvertebrate bioindicator species. Frontiers in Zoology 10: 45. https://doi.org/10.1186/1742-9994-10-45
Clarke RT, Hering D (2006) Errors and uncertainty in bioassessment
methods – major results and conclusions from the STAR project and
their application using STARBUGS. Hydrobiologia 566: 433–439.
https://doi.org/10.1007/s10750-006-0079-2
Deagle BE, Thomas AC, Shaffer AK, Trites AW, Jarman SN (2013)
Quantifying sequence proportions in a DNA-based diet study using Ion Torrent amplicon sequencing: which counts count? Molecular Ecology Resources 13: 620–33. https://doi.org/10.1111/17550998.12103
Elbrecht V, Leese F (2015) Can DNA-based ecosystem assessments
quantify species abundance? Testing primer bias and biomass
- sequence relationships with an innovative metabarcoding protocol. PLoS ONE 10: e0130324. https://doi.org/10.1371/journal.
pone.0130324
Elbrecht V, Taberlet P, Dejean T, Valentini A, Usseglio-Polatera P, Beisel J-N, Coissac E, Boyer F, Leese F (2016) Testing the potential of
a ribosomal 16S marker for DNA metabarcoding of insects. PeerJ 4:
e1966. https://doi.org/10.7717/peerj.1966
Elbrecht V, Vamos EE, Meissner K, Aroviita J, Leese F (2017) Assessing
strengths and weaknesses of DNA metabarcoding-based macroinvertebrate identification for routine stream monitoring. Methods in
Ecology and Evolution 8:1265–1275. https://doi.org/10.1111/2041210X.12789
Evers CHM, Broek AJM van den, Buskens R, Leerdam A van, Knoben RAE, Van Herpen FCJ (2012) Omschrijving MEP en maatlatten
voor sloten en kanalen voor de KRW 2015–2021. STOWA rapportnummer 2012–34.
Gibson JF, Shokralla S, Curry C, Baird DJ, Monk WA, King I, Hajibabaei M (2015) Large-scale biomonitoring of remote and threatened ecosystems via high-throughput sequencing. PLoS ONE 10:
e0138432. https://doi.org/10.1371/journal.pone.0138432
Gibson J, Shokralla S, Porter TM, King I, van Konynenburg S, Janzen
DH, Hallwachs W, Hajibabaei M (2014) Simultaneous assessment
of the macrobiome and microbiome in a bulk sample of tropical
arthropods through DNA metasystematics. Proceedings of the National Academy of Sciences 111: 8007–12. https://doi.org/10.1073/
pnas.1406468111
Haase P, Pauls SU, Schindehütte K, Sundermann A (2010) First audit of
macroinvertebrate samples from an EU Water Framework Directive
monitoring program: human error greatly lowers precision of assess-

Metabarcoding and Metagenomics 2: e26744

7

ment results. Journal of the North American Benthological Society
29: 1279–1291. https://doi.org/10.1899/09-183.1
Van der Hammen H (1992) De macrofauna van het oppervlaktewater
van Noord-Holland, een aquatisch-oecologische studie; inventarisatie, verspreidingspatronen, tijdreeksen, classificatie van wateren.
PhD Thesis. Nijmegen University.
Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifications through DNA barcodes. Proceedings of the Royal Society B: Biological Sciences 270: 313–21. https://doi.org/10.1098/
rspb.2002.2218
Hering D, Borja A, Jones JI, Pont D, Boets P, Bouchez A, Bruce K,
Drakare S, Hänfling B, Kahlert M, Leese F, Meissner K, Mergen P,
Reyjol Y, Segurado P, Vogler A, Kelly M (2018) Implementation options for DNA-based identification into ecological status assessment
under the European Water Framework Directive. Water Research
138: 192–205. https://doi.org/10.1016/j.watres.2018.03.003
Hopkins GW, Freckleton RP (2002) Declines in the numbers of amateur and professional taxonomists: implications for conservation. Animal Conservation 5: 245–249. https://doi.org/10.1017/
S1367943002002299
Hubbell SP (2001) The unified neutral theory of biodiversity and biogeography. Princeton University Press.

short fragment of the mitochondrial COI region for metabarcoding
metazoan diversity: application for characterizing coral reef fish gut
contents. Frontiers in Zoology 10: 34. https://doi.org/10.1186/17429994-10-34
Macher JN, Salis RK, Blakemore KS, Tollrian R, Matthaei CD, Leese
F (2016) Multiple-stressor effects on stream invertebrates: DNA
barcoding reveals contrasting responses of cryptic mayfly species. Ecological Indicators 61: 159–169. https://doi.org/10.1016/j.
ecolind.2015.08.024
Van der Molen D, Pot R, Evers C, Van Herpen F, Van Nieuwerburgh L
(2016) Referenties en maatlatten voor natuurlijke watertypen voor
de KRW 2015–2021. STOWA rapportnummer 2012–31.
Pauls SU, Alp M, Bálint M, Bernabò P, Čiampor F, Čiamporová-Zaťovičová Z, Finn DS, Kohout J, Leese F, Lencioni V, Paz-Vinas I,
Monaghan MT (2014) Integrating molecular tools into freshwater
ecology: developments and opportunities. Freshwater Biology 59:
1559–1576. https://doi.org/10.1111/fwb.12381
Pawlowski J, Kelly-Quinn M, Altermatt F, Apothéloz-Perret-Gentil
L, Beja P, Boggero A, Borja A, Bouchez A, Cordier T, Domaizon I, Feio MJ, Filipe AF, Fornaroli R, Graf W, Herder J, van der
Hoorn B, Iwan Jones J, Sagova-Mareckova M, Moritz C, Barquín
J, Piggott JJ, Pinna M, Rimet F, Rinkevich B, Sousa-Santos C,

Jackson JK, Battle JM, White BP, Pilgrim EM, Stein ED, Miller PE,
Sweeney BW (2014) Cryptic biodiversity in streams: a comparison of macroinvertebrate communities based on morphological
and DNA barcode identifications. Freshwater Science 33: 312–324.
https://doi.org/10.1086/675225
Kelly RP, Port JA, Yamahara KM, Crowder LB (2014) Using environmental DNA to census marine fishes in a large mesocosm. PLoS
ONE 9: e86175. https://doi.org/10.1371/journal.pone.0086175
Kenney MA, Sutton-Grier AE, Smith RF, Gresens SE (2009) Benthic
macroinvertebrates as indicators of water quality: The intersection
of science and policy. Terrestrial Arthropod Reviews 2: 99–128.
https://doi.org/10.1163/187498209X12525675906077
Leese F, Altermatt F, Bouchez A, Ekrem T, Hering D, Meissner K,
Mergen P, Pawlowski J, Piggott J, Rimet F, Steinke D, Taberlet P,
Weigand A, Abarenkov K, Beja P, Bervoets L, Björnsdóttir S, Boets
P, Boggero A, Bones A, Borja Á, Bruce K, Bursić V, Carlsson J,
Čiampor F, Čiamporová-Zatovičová Z, Coissac E, Costa F, Costache M, Creer S, Csabai Z, Deiner K, DelValls Á, Drakare S, Duarte S, Eleršek T, Fazi S, Fišer C, Flot J-F, Fonseca V, Fontaneto
D, Grabowski M, Graf W, Guðbrandsson J, Hellström M, Hershkovitz Y, Hollingsworth P, Japoshvili B, Jones J, Kahlert M, Kalamujic Stroil B, Kasapidis P, Kelly M, Kelly-Quinn M, Keskin E,
Kõljalg U, Ljubešić Z, Maček I, Mächler E, Mahon A, Marečková
M, Mejdandzic M, Mircheva G, Montagna M, Moritz C, Mulk V,
Naumoski A, Navodaru I, Padisák J, Pálsson S, Panksep K, Penev
L, Petrusek A, Pfannkuchen M, Primmer C, Rinkevich B, Rotter
A, Schmidt-Kloiber A, Segurado P, Speksnijder A, Stoev P, Strand
M, Šulčius S, Sundberg P, Traugott M, Tsigenopoulos C, Turon X,
Valentini A, van der Hoorn B, Várbíró G, Vasquez Hadjilyra M, Viguri J, Vitonytė I, Vogler A, Vrålstad T, Wägele W, Wenne R, Winding
A, Woodward G, Zegura B, Zimmermann J (2016) DNAqua-Net:
Developing new genetic tools for bioassessment and monitoring
of aquatic ecosystems in Europe. Research Ideas and Outcomes 2:
e11321. https://doi.org/10.3897/rio.2.e11321
Leray M, Yang JY, Meyer CP, Mills SC, Agudelo N, Ranwez V, Boehm JT, Machida RJ (2013) A new versatile primer set targeting a

Specchia V, Trobajo R, Vasselon V, Vitecek S, Zimmerman J,
Weigand A, Leese F, Kahlert M (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 637–638: 1295–1310. https://doi.org/10.1016/J.SCITOTENV.2018.05.002
Pawluczyk M, Weiss J, Links MG, Egaña Aranguren M, Wilkinson MD,
Egea-Cortines M (2015) Quantitative evaluation of bias in PCR
amplification and next-generation sequencing derived from metabarcoding samples. Analytical and Bioanalytical Chemistry 407:
1841–1848. https://doi.org/10.1007/s00216-014-8435-y
Piñol J, Mir G, Gomez-Polo P, Agustí N (2015) Universal and blocking
primer mismatches limit the use of high-throughput DNA sequencing
for the quantitative metabarcoding of arthropods. Molecular Ecology
Resources 15: 819–30. https://doi.org/10.1111/1755-0998.12355
Pot R (2015) QBWat, programma voor beoordeling van de biologische
waterkwaliteit volgens de Nederlandse maatlatten voor de Kaderrichtlijn Water, versie 5.33. http://www.roelfpot.nl/qbwat
Stein ED, Martinez MC, Stiles S, Miller PE, Zakharov EV (2014) Is
DNA barcoding actually cheaper and faster than traditional morphological methods: results from a survey of freshwater bioassessment efforts in the United States? PLoS ONE 9: e95525. https://doi.
org/10.1371/journal.pone.0095525
Sweeney BW, Battle JM, Jackson JK, Dapkey T (2011) Can DNA
barcodes of stream macroinvertebrates improve descriptions of
community structure and water quality? Journal of the North
American Benthological Society 30: 195–216. https://doi.
org/10.1899/10-016.1
Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E
(2012) Towards next-generation biodiversity assessment using
DNA metabarcoding. Molecular Ecology 21: 2045–50. https://doi.
org/10.1111/j.1365-294X.2012.05470.x
Zimmermann J, Glöckner G, Jahn R, Enke N, Gemeinholzer B (2015)
Metabarcoding vs. morphological identification to assess diatom diversity in environmental studies. Molecular Ecology Resources 15:
526–42. https://doi.org/10.1111/1755-0998.12336

https://mbmg.pensoft.net

8

Kevin K. Beentjes et al.: The influence of macroinvertebrate abundance on the assessment of freshwater quality...

Supplementary material 1
Monitoring event details and EQR scores
Authors: Kevin K. Beentjes, Arjen G.C.L. Speksnijder, Menno
Schilthuizen, Bartholomeus E.M. Schaub, Berry B. van der Hoorn
Data type: Statistics.
Copyright notice: This dataset is made available under the
Open Database License (http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3897/mbmg.2.26744.suppl1

https://mbmg.pensoft.net

