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ABSTRACT

Stream ecosystems are under pressure due to multiple stressors. Restoration measures can halt further degra-
dation and improve their ecological status. However, assessment of the effectiveness of the implemented mea-
sures is often insufficient because of logistic and financial constraints. DNA-metabarcoding has been proposed to
scale up sample processing, although its application as a diagnostic tool has received less attention. The aim of
our study was to evaluate if DNA-metabarcoding of stream macroinvertebrates can be used to compute a stressor-
specific index to assess the effectiveness of a stream restoration project. For this purpose, we sampled the up-
stream, restored, and downstream section of a recently restored lowland stream in the Netherlands. At each site,
we applied three different methods of macroinvertebrate identification: morphological identification of bulk
samples (morphology), DNA-metabarcoding of the same bulk samples (DNA) and metabarcoding of eDNA
extracted from the water (eDNA). First, we compared the community composition identified by each method.
The communities identified by morphology and DNA were highly similar, whereas the communities generated by
the eDNA differed. Second, we analysed whether the identification methods could be used to assess the effec-
tiveness of the restoration project, focussing on a stressor-specific index for flow as the restoration measures
aimed at improving flow conditions. Both the morphology and bulk DNA samples indicated improved flow
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conditions in the restored section of the stream (i.e., less stress from the reduction or absence of flow than in the
unrestored sections). Contrary, the eDNA-water samples did not differentiate the amount of stress throughout the
catchment, although applying recent developments in eDNA sampling could lead to more robust results. In
conclusion, this study forms proof of concept that DNA from bulk samples can be utilized to assess the effec-
tiveness of restoration measures, showing the added value of this approach for water managers.

1. Introduction

Streams and rivers are under pressure due to anthropogenic
stressors, such as altered hydro-morphology, nutrient enrichment, and
toxic substances (Birk et al., 2020; Lemm et al., 2021). To halt further
degradation of these ecosystems and to improve their ecological status,
many restoration projects have been implemented (e.g., reviews by
Bernhardt et al., 2005, Griffith and McManus, 2020). Yet, evidence for
positive effects of these restoration efforts on the biota remains limited
(meta-analysis by Al-Zankana et al., 2020). To increase the success rate
of restoration projects, there is a need to diagnose the most important
stressors affecting the ecological status of the water body at relevant
spatiotemporal scales (Dos Reis Oliveira et al., 2020). Moreover, the
effectiveness of the implemented measures needs to be monitored more
adequately (Friberg et al., 2016).

Traditionally, aquatic macroinvertebrates have been most widely
used for monitoring the ecological status of streams and rivers, because
of their ubiquitous occurrence and wide degree of known ecological
preferences between species (Bonada et al., 2006). However, the
morphological identification of macroinvertebrates to species-level re-
quires taxonomic expertise and can also be time consuming which
therefore can make it costly to process many samples (Jones, 2008).
These logistical and financial constraints have often limited the moni-
toring of restoration projects at relevant spatiotemporal scales. To in-
crease the number of sampling sites at the same cost, identification may
be done at a coarser taxonomic resolution (e.g., genus or family level),
which in turn leads to a loss of precision, as species within the same
genus or family may vary in their environmental preference (Jones,
2008; Lenat and Resh, 2001). Alternatively, it has been advocated that
molecular identification through high-throughput sequencing (DNA-
metabarcoding) may be employed to overcome this trade-off between
taxonomic resolution and the number of samples that can be processed
in a certain timeframe (Bush et al., 2019; Vitecek et al., 2021).

As DNA-metabarcoding does not require taxonomic expertise and as
it is less time consuming than morphological identification, it allows for
higher spatial and/or temporal frequency of sampling in monitoring
schemes (Elbrecht et al., 2017; Duarte et al., 2021). Moreover, it allows
for finer taxonomic resolution, including identification of immature and
damaged individuals that can often not be reliable identified to species-
level based on morphological characteristics (Gleason et al., 2021).
However, the accuracy of DNA-based methods is affected by the quality
and completeness of reference databases (Weigand et al., 2019).
Another limitation of DNA-metabarcoding is that estimation of species
abundance is not possible (Pawlowski et al., 2018; Duarte et al., 2021;
Turunen et al., 2021). Even though many of the biotic indices computed
rely on abundance data, the samples can also be classified to the same
categories using presence/absence data (e.g., Ecological Quality Ratio,
Beentjes et al., 2018), and hence DNA-metabarcoding can be used to
assess the ecological status of streams (Elbrecht et al., 2017; Kuntke
et al., 2020).

Besides the identification of samples, sorting of macroinvertebrate
individuals from the conventional debris-filled bulk samples is also time-
consuming, and prone to errors (Haase et al., 2006). Hence, there is need
to examine DNA-based methods that allow faster sample processing.
Potentially, environmental DNA (eDNA) may be used as rapid, cost-
effective, and non-invasive approach to characterize communities
(Thomsen and Willerslev, 2015). For this, genetic material (e.g., cells or
tissue) is collected from the environment, for example by filtering

stream water, and subsequently analysed through DNA-metabarcoding
(Deiner et al., 2016). Various studies have suggested that eDNA-
metabarcoding may  successfully be used to calculate
macroinvertebrate-based water quality indices (e.g., Fernandez et al.,
2019; Ji et al., 2022), whilst others have argued that eDNA does not
adequately represent local aquatic macroinvertebrate communities (e.
g., Hajibabaei et al., 2019; Gleason et al., 2021). Thus, it remains
disputed whether eDNA samples reflect the local macroinvertebrate
community captured by bulk samples (Blackman et al., 2019).

To date, both bulk DNA (i.e., genetic material derived from the
macrofauna specimens directly) and eDNA water samples have pre-
dominantly been used to compute indices designed to integrate the
impact of multiple stressors into a single assessment of the ecological
status, ranging for example from ‘high’ to ‘bad’ (EU Water Framework
Directive) (e.g., Elbrecht et al., 2017; Fernandez et al., 2019; Kuntke
et al., 2020; Ji et al., 2022). These generic assessment metrics do,
however, not allow for diagnosing the potential causes (i.e., stressors) of
the ecological degradation (Pawlowski et al., 2018; Feld et al., 2020).
One alternative is to compute stressor-specific indices based on the
environmental preferences of macroinvertebrate species (Lemm et al.,
2019; Poikane et al., 2020). Computing such stressor-specific indices at
the appropriate spatial and temporal coverage would allow water
managers to better select appropriate restoration measures to improve
the ecological quality, and subsequently assess the effectiveness of the
implemented measures on the specific stressors (Dos Reis Oliveira et al.,
2020).

To date, assessment of the effectiveness of restoration measures is
often insufficient because of logistic and financial constraints. DNA-
metabarcoding has been proposed to scale up sample processing,
although its application as a diagnostic tool has received less attention.
Therefore, the aim of our study was to evaluate if DNA-metabarcoding of
macroinvertebrates can be used to compute a stressor-specific index to
assess the effectiveness of a restoration project. To this end, we sampled
28 sites in the upstream, restored, and downstream section of a recently
restored lowland stream in the Netherlands. The study area was selected
as it entails a typical Dutch lowland stream restoration project aiming at
improving instream flow conditions, comprising of channel re-profiling
and re-meandering (Dos Reis Oliveira et al., 2020). At each site, we
applied three different methods of macroinvertebrate identification: 1.
Morphological identification of bulk macroinvertebrate samples
(morphology), 2. DNA-metabarcoding tissue from bulk macro-
invertebrate samples (DNA) and 3. Metabarcoding of eDNA extracted
from the water using filtration (eDNA). First, we compared the macro-
invertebrate community composition identified by each method. We
hypothesized that morphological identification, DNA of the bulk sam-
ples and eDNA of the water would identify a similar macroinvertebrate
community. Second, we analysed whether the different identification
methods could be used to assess the effectiveness of the restoration
project, focussing on a stressor-specific index for flow as the restoration
measures aimed at improving flow conditions. We hypothesized that the
stressor-specific index computed for each identification method would
indicate less stress by the (temporary) reduction or absence of flow in
the restored section of the stream compared to the unrestored sections.
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2. Material and methods
2.1. Study area

The present study was performed in the upper course of the lowland
stream the Run, located in the south of the Netherlands (Fig. 1A, Sup-
plement Table S1). The studied section comprised 9.5 km (slope of 0.9
m/km) of the stream between the provincial road N397 upstream
(51°21'12.0"N 5°20'35.2"E) to the mouth of the stream into the stream
the Dommel near the village Veldhoven (51°23'57.4'N 5°25'14.3"E)
(Fig. 1B). In total, 28 sites were selected with an inter-site distance of 0.3
+ 0.1 km (+ standard deviation). Until the mid-20th century, the
catchment of the stream the Run consisted of bogs and marshlands. Land
use changes, increased drainage and hydromorphological modifications
resulted in a channelized and normalized stream embedded in an agri-
cultural landscape. The intensification of agricultural activities in the
catchment led to deterioration of the water quality of the stream.
Discharge varies between approximately 400 1/s in the winter to 100 1/s
in the summer, with values dropping below 50 1/s during periods of
prolonged drought (Duursma, 2017). In 2021, the local water author-
ities restored a stream section of 3 km near the nature area Grootgoor to
improve the ecological water quality and to increase the resistance of the
catchment to climatic extremes (Fig. 1C). Restoration measures applied
included decreasing the width and depth of the channel, re-meandering
and adding dead wood. Additionally, the stream valley has been modi-
fied to retain and store water better during heavy rainfall events,
reducing peak discharges downstream and to extend the period of water
release during long periods without precipitation.

2.2. Field sampling

On the 10th and 11th of May 2022, macroinvertebrate samples were
collected and eDNA was extracted from the water at the 28 sites. The
macroinvertebrates were collected by sweeping a pond net over 1.5 m
length of the dominant (micro-)habitats at each site (Supplement
Table S2). The samples were transported to the laboratory and stored for
maximum two days at 4 °C until further processing. The eDNA was
extracted by taking a 750 ml water sample using the Sylphium eDNA
Dual Filter Capsule (0.8 pm pore size; Sylphium) targeting the same
(micro-)habitats as the macroinvertebrate samples at each site. For
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macro-organisms, it is commonly recommended to use a smaller pore
size than we used in this study (e.g., Goldberg et al., 2018; Turner et al.,
2014), yet since sections of the stream were heavily populated by fila-
mentous green algae, we opted for a somewhat bigger pore size. How-
ever, it was still not always possible to reach the target volume due to
filter clogging (Supplement Table S2). The filters were transported back
to the laboratory in a cooler and were subsequently stored at —20 °C
until further analysis. Additionally, various abiotic parameters were
measured, including the dimensions of the stream, flow velocity, elec-
trical conductivity and pH using a hand meter.

2.3. Macroinvertebrate sorting and identification

The macroinvertebrate samples were washed over 1 mm and 250 pm
sieves, the full sample was sorted alive, and preserved in 50 ml tube with
96 % ethanol and kept at —20 °C until identification and subsequent
DNA extraction. The macroinvertebrates were identified to genus-
(Ephemeroptera, Plecoptera, Trichoptera and Coleoptera), subfamily-
(Chironomidae), order- (Hydracarina, Oligochaeta), and in all other
cases family level.

2.4. DNA extraction and amplification

The DNA extraction and amplification was performed at the dedi-
cated DNA laboratory of Wageningen Environmental Research. The
eDNA collected using the Sylphium Filter Capsules was extracted using
the Environmental DNA isolation kit (Sylphium) following the manu-
facturers' protocol. A negative extraction control consisting of an unused
Sylphium filter was included in this run. For the bulk samples, we use
both DNA of the organisms as well as DNA extracted from the preser-
vative ethanol and added these together for each sample, since several
studies have shown that DNA extracted from this preservative ethanol in
which specimens are collected can significantly increase the recovered
diversity compared to only extracting DNA from specimens (Kirse et al.,
2023; Marquina et al., 2019). DNA from preservative ethanol was first
precipitated at —20 °C for one night by the addition of 1/33 (v/v) NaAc
(PH 5.2, 3 M) and mixed by shaking and vortexing, followed by a
centrifugation of 60 min at 4643g at 4 °C. Ethanol was then removed by
pouring or using a pipet if the pellet was too fragile to pour. DNA from
whole bodies of macrofauna was extracted using the Dneasy PowerMax
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Fig. 1. Overview of the study site. A) location of the stream the Run in the Netherlands (indicated by a red square), B) location of the sampling sites (indicated by a
dot with the colour indicating the flow velocity during sampling) and the location of the restoration measures (indicated by a pink dashed line), C) arial photograph
of the restoration works with the unrestored upstream section in the background (picture: Matthijs de Vos).



G.H. van der Lee et al.

Soil DNA Isolation kit (Qiagen) according to the manufacturer's protocol
with an overnight incubation step with proteinase K at 56 °C and
including negative extraction controls in each of the two extraction
batches of samples.

For next-generation sequencing, a two-step PCR protocol was used to
create a dual index amplicon library using primers mlCOIlintF —
HC02198 to target a 313 bp subset of the Folmer region of the mito-
chondrial COI marker (Leray et al., 2013). All primers were flanked by
Fluidigm CS1/CS2 adapters at their 5' ends. PCRs were performed in
duplicate which were combined after amplification to take stochasticity
in the reaction into account. Each reaction consisted of 12,5 pl, including
1 U Platinum Tagq (Fisher Scientific), 1 x PCR buffer, 2.5 mM MgCl2, 5 %
(m/m) Trehalose, 200 ng/pl BSA, 200 pM dNTP, 250 pM water and 2.0
pl of sample DNA extract. The program consisted of 2 min activation at
94 °C, followed by 15 cycli of 30 s denaturation at 94 °C and annealing
for 3 min using a touchdown program starting at 56 °C and decreasing
by 1 °C each cycle (touchdown PCR), 1 min elongation at 72 °C, fol-
lowed by 20 cycli of 30 s at 94 °C, 3 min at 39 °C and 10 min final
extension at 72 °C. Two negative extraction blanks, two PCR negative
and one positive control (Eupoecila australasiae, an Australian scarab
beetle known not to occur in Europe) were included as well. Library
preparation and addition of sample-specific index sequences ligated
onto all PCR products was performed by Centre d'expertise et de services
Génome Québec, Canada before sequencing on an Illumina MiSeq 2 x
250 bp paired end, v3 kit.

2.5. DNA bioinformatics and filtering

Raw fastq files were demultiplexed by Genome Quebec, who pro-
vided R1 and R2 files for each sample. All files were renamed into the
QIIME2 format and imported into the QIIME2 platform version 2021.11
(Bolyen et al., 2019). The cutadapt plugin (Martin, 2011) was used to
delete forward and reverse primers from both the R1 and R2 sequences,
using a minimum sequence length of 200 bp and a maximum error rate
of 0.2, discarding any reads that were untrimmed. The sequences were
subsequently joined, denoised into ASVs (Amplicon Sequence Variants)
and chimeras removed using the DADA2 plugin (Callahan et al., 2016).
After visual inspection, the forward and reverse reads were truncated
during this step at 200 bp with a read quality truncation of 20. After this
step, only ASVs with a length of 3 bp shorter and longer than the ex-
pected 313 bp amplicon size were kept. The VSEARCH tool was used to
cluster the resulting ASVs into 98 % clusters (OTUs; Operational Taxo-
nomic Units) to reduce the number of sequences with identical taxo-
nomic identifications (Rognes et al., 2016). Finally, to determine
whether an ASV represented an actual biological sequence or a potential
sequencing or PCR error, the LULU algorithm was used for curation
using a minimum ratio setting of 10 (Frgslev et al., 2017).

Taxonomy assignment was performed using the BOLDigger package
version 2.1.0 (Buchner and Leese, 2020) that makes it possible to access
all records on the Barcode Of Life Data (BOLD) system, including early
access and private records. The option digger_hit from the JAMP pipe-
line was used to obtain a last common ancestor of the top 20 hits
returned from the BOLD website and all flagged hits were manually
curated. The following thresholds were used: at least 98 % sequence
similarity for species level identification, 95 % for genus, 90 % for family
and anything lower is classified to the order level. Taxa with identical
identifications were merged before filtering. The resulting sequences
were further filtered to remove any I that was not identified as an
aquatic macroinvertebrate according to the Dutch taxonomic water
management list (TWN 06-04-2020), removing e.g., fungi, amoeba, fish,
rotifers, and protists. The maximum number of reads from the positive
control (Eupoecila australasiae) in any of the other samples was used as a
filtering threshold to correct for potential leakage. This resulted in
filtering out identifications that did not exceed 0,001 % of the total sum
of reads pIOTU. After these filtering steps, the negative PCR control,
eDNA extraction controls and one of the extraction negative controls of
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the bulk DNA samples were found to be clean. One extraction control of
the bulk samples still contained more reads of the freshwater beetle
Haliplus lineatocollis than in any of the samples, and this taxon was
removed from the final dataset.

2.6. Calculation of the stressor-specific index for flow

The stressor-specific index for was calculated using the macro-
invertebrate bottleneck analysis tool (https://knelpuntanalyse.cont
ainers.wur.nl/). The index applies the environmental preferences of
the macroinvertebrate species determined by Verberk et al. (2012).
Specifically, for flow it applies the combined preference score for me-
dium (16-25 m/s) and fast flow (> 25 m/s). For the calculation of the
stressor-specific index, the best available taxonomic resolution was
used. As the morphology samples were identified to genus to order level,
the mean preference was calculated for all the species within the higher
taxonomic level that occur in upper course lowland streams in the
Netherlands (Dutch Water Framework Directive water type R4a; Van der
Molen et al., 2018). For morphology the index was calculated with
abundance log;o(x + 1) transformed to reduce the effect of high den-
sities, as well as set to 1 (present) and O (absent). For the DNA and eDNA
samples, the abundance was set to 1 (present) and O (absent) at species
level, as quantification of abundance through metabarcoding is not
possible (Duarte et al., 2021). Next, the stress-score for flow was
calculated as:

>~ Abundance qy,, * Preference score flow,

Z Ab undanceull taxa with preference score flow

taxon

Stress — scoreg,,, =

The index then ranges the scores between 0 and 1 to the 5 % worst
and 95 % best stress-scores for flow based on all macroinvertebrate data
in upper course lowland streams obtained from the Dutch water au-
thorities since 2005 (total 671 samples of water type R4a). Last, the
index inverts the scores so that 0 indicates absence of stress and 1 in-
dicates high stress by the (temporary) reduction or absence of flow.

2.7. Statistical analyses

We performed all data manipulation and statistical analyses using R
version 4.2.1 (R Core Team, 2022). To test our first hypothesis stating
that the three methods identified a similar macroinvertebrate commu-
nity, we calculated Jaccard similarity scores between each different
identification method (i.e., morphology vs. DNA, morphology vs. eDNA,
and DNA vs. eDNA) for each site (vegdist function in vegan package,
Oksanen et al., 2007). For calculation of the Jaccard similarity scores,
we used presence/absence data and scaled back the taxonomic resolu-
tion of the DNA and eDNA samples to the coarser taxonomic resolution
of the morphological identifications (i.e. at genus to order level). Next,
we tested whether there was a significant difference in the Jaccard
similarity scores between the different identification methods using a
generalized linear mixed model (GLMM) with a random effect of inter-
cept among sites, which accounts for correlation between measurements
taken at the same site (Imer function in Ime4 package, Bates et al., 2015).
The GLMM model was fitted using the restricted maximum likelihood
(REML) approach and the p-values were derived using the Satterthwaite
approximations to degrees of fre10um (summ function in jtools package,
Long, 2022). Visual inspection of the quantile-quantile plot (qq-plot)
showed that the residuals of the model approximated normal distribu-
tion (qgmath function in lattice package, Sarkar, 2008). To determine
which Jaccard similarity scores differed, we conducted a pairwise
analysis of the estimated marginal means with Holm correction for
multiple testing (emmeans function in emmeans package, Lenth, 2023).

To test our second hypothesis stating that the stressor-specific index
computed for each identification method would indicate less stress by
the (temporary) reduction or absence of flow in the restored section
compared to the unrestored sections, we visually assessed the spatial


https://knelpuntanalyse.containers.wur.nl/
https://knelpuntanalyse.containers.wur.nl/

G.H. van der Lee et al.

distribution of the different stress-scores in relation to location of the
restoration project. Next, we tested the relation between the stress-score
for flow and the flow velocity measured for each identification method
using linear regression models (Im function in stats package, R Core
Team, 2022). Visual inspection of the qg-plots indicated that the re-
siduals of the model approximated normal distribution.

3. Results
3.1. Comparison of the macroinvertebrate community composition

In the bulk samples of the 28 sites, we collected a total of 6505 in-
dividuals with a mean number per sample of 232 individuals (range:
61-817). The morphological identification of these bulk samples resul-
ted in 75 taxa (mean: 18 taxa/site, range: 10-32, identified at genus to
order level), whilst the DNA-metabarcoding of the same samples resul-
ted in 240 taxa (mean: 41 taxa/site, range: 19-64, mostly identified at
species level). The eDNA analysis failed at 2 sites due to filter clogging.
Analysis of the remaining 26 sites resulted in 160 taxa (mean: 19 taxa/
site, range: 20-38, mostly identified at species level). Excluding the 2
failed sites for the other two methods slightly reduced the total number
of taxa observed in the morphology (72) and DNA samples (230) but did
not change the mean and range of taxa per site.

In total, 106 taxa were identified by both DNA and eDNA, with
Diptera and Oligochaeta as dominant groups (Fig. 2). The 54 taxa that
were only identified by eDNA belonged also primarily to these groups.
Another 124 taxa were uniquely identified by DNA, including taxa from
various other groups, such as Coleoptera, Hydrachnidae, Odonata, Ple-
coptera and Trichoptera (details in Supplement Table S3).

To compare the community captured by all three methods, we scaled
back the DNA and eDNA samples to the coarser taxonomic resolution of
the morphological identification (i.e. at genus to order level) and then
calculated the similarity between the communities per site. The Jaccard
similarity scores differed significantly between comparisons (Fig. 3,
Supplement Table S4). The communities identified by morphology and
DNA samples were highly similar (mean =+ sd: 75 + 10 %), whilst the
communities generated by the eDNA were significantly less like both the
morphology (31 + 7 %) and the DNA samples (32 + 8 %).

3.2. Stressor-specific index for flow

We calculated a stressor-specific index for flow based on the

Coleoptera

Crustacea

Diptera - Chironomidae
Diptera - excl. Chironomidae
Ephemeroptera
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Megaloptera
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Plecoptera

Trichoptera
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ecological preference scores of the taxa found at each site with each
method of identification. For this, the best available taxonomic resolu-
tion was used, i.e., morphology at genus to order level and both DNA and
eDNA mostly at species level. A high stress-score indicates the (tempo-
rary) reduction or absence of flow. Both the morphology and DNA
samples indicated a lower level of stress (i.e., improved flow conditions)
in the restored section compared to the unrestored sections (Fig. 4A).
Overall, the DNA samples provided a more positive assessment over a
longer trajectory than the morphology based on abundance, as well as
presence. Contrary to the bulk-samples, the eDNA samples did not
differentiate the amount of stress throughout the catchment. Accord-
ingly, the flow velocity in the stream related significantly to the stress-
score for flow computed for the morphology samples (abundance Adj.
R? = 0.51, p-value <0.001; presence Adj. R? = 0.48, p-value <0.001)
and the DNA samples (Adj. R? = 0.67, p-value <0.001), but not to the
eDNA samples (Adj. R? = 0.03, p-value = 0.19) (Fig. 4B). The higher
adjusted R? of the DNA suggest that this method provided a more
detailed assessment of the flow conditions in the catchment than the
morphological identification.

4. Discussion

In line with our first hypothesis, the macroinvertebrate communities
identified by morphology and DNA samples were highly similar. How-
ever, the eDNA samples captured a different subset of the macro-
invertebrate community, including mostly Diptera and Oligochaeta
taxa, whilst taxa from various other groups, such as Coleoptera,
Hydrachnidae, Odonata, Plecoptera and Trichoptera were not detected.
The latter macroinvertebrate taxa are often sensitive to environmental
change (Schmidt-Kloiber and Hering, 2015), and thus crucial for
computing stressor-specific indices. As such, the eDNA samples could
not differentiate the amount of stress from (temporary) reduction or
absence of flow throughout the catchment, contrary to our second hy-
pothesis. In line with our second hypothesis, DNA-metabarcoding and
morphological identification of bulk samples could both be used to
assess the improved flow conditions in the restored section of the stream
compared to the unrestored sections. The stronger relation of flow ve-
locity to the stressor-specific score for flow computed for the DNA
samples suggest that this method provides a more detailed assessment of
the flow conditions than the morphological identification.

Method

. eDNA

DNA
. ¢DNA & DNA

40 50 60 70 80 90
Number of taxa

Fig. 2. Number of unique and shared macroinvertebrate taxa (identified mostly at species level) between the metabarcoding-based identification methods (DNA and
eDNA) for different organism groups (N = 26 sites in the Run that were successfully identified by both methods).
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Method

DNA vs eDNA

Fig. 3. Boxplot of the Jaccard Similarity between macroinvertebrate communities generated by three different identification methods. For comparison, the iden-
tifications of the DNA and eDNA samples were scaled back to the taxonomic resolution of the morphological identification (i.e. at genus to order level). Displayed are
the central tendency, spread (whiskers: 1.5 IQR), and presence of outliers (dots). A different letter above a box plot represents a significant difference (N = 26 sites
that were successfully identified by all three methods; details of the GLMM model in Supplement Table S4).

4.1. Lack of indicator taxa in eDNA samples

The low overlap between the macroinvertebrate community detec-
ted with eDNA filtered from the water compared to the DNA-
metabarcoding and morphological identification of bulk samples at
each site corresponds with the recent findings by Gleason et al. (2021)
who found that eDNA did not represent the local community. Although
several studies have shown that eDNA can detect a high macro-
invertebrate species richness (Deiner et al., 2016; Machler et al., 2019),
there is evidence in line with our study that many indicator taxa are
lacking when using eDNA (Macher et al., 2018; Hajibabaei et al., 2019;
Keck et al., 2022). The effectiveness of detecting taxa with eDNA seems
dependent on species traits and environmental characteristics (Doi et al.,
2023). Potentially, the indicator taxa were not detected by eDNA
because they were less abundant than the more ubiquitous Diptera and
Oligochaeta or their hard exoskeleton results in less epithelial shedding
(Barnes and Turner, 2016; Gleason et al., 2021). Moreover, it could be
due to methodological issues, such as an inherent primer bias, the used
water filter, or because large amounts of non-targeted taxa are detected
with eDNA compared to DNA (Gleason et al., 2021). Accordingly, the
number of taxa detected by eDNA may be improved by sampling, lab-
oratory or bioinformatic processing (see Blackman et al., 2019).
Notably, a recent study by Altermatt et al. (2023) suggests that to gain a
full representation of the aquatic community much larger volumes of
water need to be sampled than is currently done in most eDNA studies,
including this study.

4.2. Potential of using DNA for diagnostics

Here, we give a proof of concept that DNA from macroinvertebrate
bulk samples can be utilized to diagnose the variation in stress by the
(temporary) reduction or absence of flow in the stream. Specifically, it
was shown that the computed stressor-specific score for flow related to

the flow velocity. It should be emphasized that water column flow ve-
locity measurement used in our study are a simplified proxy for the
improved hydrological conditions in the stream. Flow naturally fluctu-
ates over time and is spatially complex, making it difficult to measure
hydrological parameters relevant for the ecology (Verdonschot and van
den Hoorn, 2010). Hence, stressor-specific indices based on DNA-
metabarcoding offer the important advantage that the invertebrates
integrate the environmental conditions over longer periods of time and
relevant spatial scales even when the flow is temporarily lower or hal-
ted. The scope of this study was, however, restricted to diagnostics of
one type of stressor, namely flow. Given that stressor-specific indices are
rare and predominantly concentrate on eutrophication (Lemm et al.,
2019; Poikane et al., 2020), we recommend that future research should
focus on developing and testing indices for other stressors, such as
drought, pesticides, siltation, and extreme water temperature fluctua-
tions. To achieve this, the wide array of data on environmental prefer-
ences available on, for example, freshwaterecology.info could be drawn
upon (Schmidt-Kloiber and Hering, 2015).

4.3. Implications for water management

Continued advancement of DNA-metabarcoding as diagnostic tool
could assist water managers in assessing the effectiveness of restoration
projects at multiple sampling points in the catchment. Our finding that
flow velocity related stronger to the stressor-specific score for flow based
on the DNA samples than the morphology samples implies that the finer
taxonomic resolution obtained by DNA-metabarcoding seems to
outweigh the lack of abundance data when calculating stressor-specific
scores. Herewith, DNA-metabarcoding accounts for the varying habitat
requirements and environmental preferences that occur at species-level
(Jones, 2008). We should note that more detailed morphological iden-
tification would likely have given similar results, but this would have
required a considerably greater time (and thus monetary) investment.
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Fig. 4. Stress-score for macroinvertebrate flow preference shown A) spatially, with an indication of the restored section, and B) in relation to the flow velocity
measured at each site tested for significance using a linear regression model. The stress-score for flow was computed based on: 1. Morphology (abundance, at genus to
order level), 2. Morphology (presence, at genus to order level), 3. DNA (presence, at species level), and eDNA (presence, at species level). A stress-score of 0 indicates
absence of stress and 1 indicates high stress by the (temporary) reduction or absence of flow.

Moreover, DNA-metabarcoding allows the identification of specimens
which are in immature life stages during the sampling, which reduces
the impact of seasonality in monitoring (i.e., reduce to need to visit a site
in two different seasons; Orlofske and Baird, 2013). Although this study
was only focussed on the spatial variation in the stream, the use of DNA-
metabarcoding also opens the possibility for water managers to increase
the number of samples over time. Adopting a Before-After-Control-
Impact (BACI) design over longer time periods is one of the best ways
to evaluate restoration measures and could strongly enhance the process
of ‘learning-by-doing’ in stream restoration (Smokorowski and Randall,
2017; Dos Reis Oliveira et al., 2020).

5. Conclusions

To date, various studies have demonstrated that both bulk DNA and
eDNA of water of macroinvertebrates can be applied to gain a generic
assessment of the ecological status from “high” to “bad”. In this study,
we expanded on these findings by assessing the utility of these identi-
fication methods as diagnostic tool. Specifically, we evaluated whether
DNA-metabarcoding of macroinvertebrates could be used to assess the
effectiveness of a stream restoration project in the Netherlands by
computing a stressor-specific index for flow. Both the morphology and
bulk DNA samples indicated improved flow conditions in the restored
section of the stream (i.e., less stress from the reduction or absence of
flow than in the unrestored sections). Contrary, the eDNA-water samples
did not differentiate the amount of stress throughout the catchment,
although applying recent developments in eDNA sampling could lead to
more robust results. In conclusion, this study forms proof of concept that
DNA from bulk samples can be utilized to assess the effectiveness of
restoration measures, showing the added value of this approach for
water managers.
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