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Aquatic macroinvertebrate communities are often used to assess the ecological integrity of streams. However,
conventional methods involving morphometric identification of macroinvertebrates are usually costly and timeconsuming. Here we compare stream macroinvertebrate community metrics based on conventional morphometrics vs. non-destructive DNA metabarcoding from storage ethanol to assess forest management impacts on
headwater streams across a gradient of intensively managed forest catchments in eastern Canada. The two
approaches demonstrated substantial congruence in the detection of taxa (81% and 69% at the family and genus
level, respectively) and in the characterization of community composition and richness. However, DNA metabarcoding from preservative ethanol identified significantly fewer genera (3.3 on average, 15.9%) and families
(2.0, 11.5%) than conventional morphometrics. Taxa missed by metabarcoding of storage ethanol were typically
those low in proportional mass or poorly represented in the CO1 reference database. This led to some differences
in the explanatory variables identified as being related to macroinvertebrate metrics, which could have implications on conclusions and management actions that might result therefrom. For example, the negative relationships between richness and reach-scale variables associated with forest management intensity were weaker
when richness was based on metabarcoding as compared to conventional morphometrics. Discriminatory power
was greater when data at the genus level were used. The congruence between functional feeding group results
derived from morphometric (based on relative abundance) vs. metabarcoding (based on relative frequency and
read abundance) identifications was group specific (r = 0.16–0.63), but low overall. We conclude that DNA
metabarcoding of storage ethanol provides a promising approach for characterizing stream macroinvertebrate
communities, but that its full deployment in biomonitoring projects requires developing more complete reference libraries and enhancing the sensitivity for detecting taxa with low sample biomass.

1. Introduction
Conserving the ecological integrity of managed ecosystems focuses
on retention of native biodiversity, structure, function and resilience
attributes even while they undergo change due to disturbance (Walker
et al., 2004; Woodley, 2010; Cairns et al., 2012). This paradigm is increasingly governing conservation and restoration programs around the
world (Barbour et al., 2000; Timko and Innes, 2009; Wurtzebach and
Schultz, 2016). In managed forest ecosystems, conserving ecological

⁎

integrity is fundamental not only to biodiversity conservation and habitat protection, but also to ensuring the capacity for sustainable production of forest resources over the long term. In recognition of these
fundamental ecological principles, forest sector competitiveness, the
social license to operate, third party certifications and forest product
market access are all increasingly tied to environmental performance
(Lamothe et al., 2018). Streams have an immediate and intimate connection with the surrounding land (Hynes, 1975), making them the
natural integrators of changes or perturbations within the catchment.
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As the integrity of stream ecosystems and the provision of aquatic
ecosystem services are intimately related to the integrity of surrounding
forests (Sweeney et al., 2004), the protection of fluvial networks is
being increasingly incorporated into legislation and forest certification
systems governing management of forested landscapes (FSC, 2004; SFI,
2010).
To convincingly demonstrate that the ecological integrity of headwater streams is being conserved in managed forest systems, long-term
monitoring across broad spatial scales using standardized, cost-effective, practical and sensitive indicators of change is required. Although
sustainability criteria and indicators have been used to guide forest
management in Canada for many years, the development of quantitative indicators with direct practical utility at the spatial scale at which
forest management plans, decisions and actions are applied has long
been recognized as a key need (Brand, 1997; Boutin et al., 2009). The
presence or absence of indicator species that represent key habitat
characteristics is appealing (Anas et al., 2013), and the use of multiple
indicators has been promoted (Zampella et al., 2006). In this regard,
Erdozain et al. (2018) recently showed that a multi-indicator approach
reveals the complex interactions influencing the integrity of forest
headwater streams; however, such an approach is unlikely to be logistically or economically feasible for routine biomonitoring purposes.
Stream benthic macroinvertebrates are well established as sensitive
indicators of the ecological condition of streams and are thus the most
commonly used group in biomonitoring programs worldwide (e.g.,
McDermott et al., 2014; Smith et al., 1999; Resh, 2008). However, the
time required for sample processing and expertise needed for conventional morphometric taxonomic identifications, particularly when finer
levels of taxonomic resolution are desired such as for impact assessment
studies (Chessman et al., 2010), is well documented (Aylagas et al.,
2014; Baird and Hajibabaei, 2012). DNA metabarcoding represents a
relatively new technological advance in metazoan biomonitoring programs that could provide a potential solution to this constraint
(Hajibabaei et al., 2011; Taberlet et al., 2012). Previous studies suggest
that DNA metabarcoding with high throughput sequencing of bulk
benthic samples can accurately identify species of freshwater stream
macroinvertebrates commonly used in biomonitoring when their
abundance is > 1% in a pooled mixture (Hajibabaei et al., 2011). Baird
and Hajibabaei (2012) emphasized the transformational potential of
this technique for broad application in routine biomonitoring, biodiversity discovery and environmental assessment. For example, DNA
metabarcoding techniques applied to marine macroinvertebrates allow
for faster and potentially cheaper monitoring and assessment of marine
ecosystem health (Aylagas et al., 2014), and this approach can be useful
in separating even closely related species in families such as the Chironomidae, that are notoriously difficult to identify by classical morphometric techniques (Carew and Hoffmann, 2015).
Despite the promise and increasing use of DNA metabarcoding for a
wide variety of research and monitoring purposes, testing of this
method in applications specific to monitoring the ecological integrity in
forest ecosystems is still in its infancy. In previous work, Emilson et al.
(2017) showed that DNA metabarcoding of a single molecular marker
(CO1 BR5 mtDNA) applied to bulk samples of stream macroinvertebrate
communities effectively discriminated key environmental gradients
across a range of extensively managed boreal forest sites. However, the
usefulness of this method may differ in an intensively managed forest
setting, which is characterized by a higher number and frequency of
interventions (e.g., planting, herbicide application, pre-commercial and
commercial thinning in addition to road building and harvesting). Since
forest harvesting is expected to intensify in the future on a global scale
(Creed et al., 2016), we build on our previous work (Emilson et al.,
2017) by testing the utility of DNA metabarcoding to assess forest
management impacts in an intensively managed forest watershed of the
Acadian forest region of eastern Canada. Additionally, we expand our
previous work by using two DNA metabarcoding markers (CO1
BR5 + F230 mtDNA) and by applying a relatively new approach where

sequences are derived from storage ethanol instead of ground specimens, i.e., a non-destructive technique that is useful when retaining an
intact voucher sample is required (Hajibabaei et al., 2012; Zizka et al.,
2018). Finally, we used electroshocking instead of kick-netting to collect macroinvertebrates because the former has been shown to minimize the amount of detritus in the samples (Taylor et al 2001) that
could potentially interfere with several processes during DNA metabarcoding. The specific objectives of this study were:
a) To compare conventional morphometric assessments of macroinvertebrates with DNA metabarcoding of storage ethanol for
characterizing communities in headwater streams of the Acadian
forest region of eastern Canada,
b) To determine whether the identification technique and/or level of
taxonomic resolution lead to different associations between community structure or functional response metrics and environmental
explanatory variables, and
c) To examine whether macroinvertebrate data from the DNA metabarcoding of storage ethanol can be used to advance assessment
protocols for monitoring the ecological integrity of streams in an
intensively managed forest.
2. Methods
2.1. Study area
The study was conducted at two locations in northwestern New
Brunswick, Canada, within the Atlantic Maritime ecozone. The primary
focus was on the Black Brook District, which is privately owned and
managed by J.D. Irving, Ltd. for commercial production and considered
to be one of the most intensively managed forest lands in Canada
(Etheridge et al., 2005; MacLean et al., 2010). Typical of the Acadian
forest region, forests in this area are comprised of a mixture of shadetolerant hardwood stands (25%), mixedwoods (18%), softwood-cedar
(15%) and softwoods (42%). As of 2002, 88% of the softwood forest in
Black Brook was under plantation management with crop species including 56% black spruce (Picea mariana), 30% white spruce, 9%
Norway spruce (Picea abies) and 3% pine (Pinus sp.) (Etheridge et al.,
2006). A more detailed site description can be found in Erdozain et al.
(2018).
Within Black Brook, we selected 12 low order streams (1st–3rd
order) and their respective catchment areas (see Fig. A1 in Appendix A
for map), which represented a gradient in harvesting intensity
(18–100% of the catchment harvested in the last 10 years), road density
(21–89 m of road per ha), stream crossings (0–4), catchment size
(77–389 ha) and forest composition (deciduous/mixed/coniferous
dominated) (Table A1 in Appendix A). Delineations of catchments of
the sampled streams were based on a 5 m resolution digital elevation
model and derived from the White Box GIS analysis tool (Lindsay,
2016). Enhanced forest inventory data, including species composition
determined by photointerpretation of high resolution digital imagery,
were used to provide detailed characterization of each of the 12
catchments. The digital elevation model, additional topographical
characteristics and detailed characterization of the vertical and canopy
structure of the forests were derived from high density (6 pulses/m2)
airborne Light Detection and Ranging (LiDAR) data captured in 2011.
The second location was in the unmanaged forest of Mount Carleton
Provincial Park where three headwater streams were included to
compare communities in Black Brook to those in nearby unmanaged
systems.
2.2. Sampling
Stream macroinvertebrates were collected during September 2015
by electroshocking (Halltech Model HT2000B/MK5; set for 250–350 V
DC, 30 Hz and 4 ms pulse width) and imposing strict control over the
174
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time (3 passes of 20 s separated by 10-second breaks) and spatial area
(shocking within a 100-cm long × 25-cm wide rectangular metal
frame) sampled. Invertebrates which released from the substrate and
drifted were collected with a 363 µm mesh size and 25-cm wide drift
net placed on the downstream edge of the rectangle. The net was rinsed
with stream water and the contents emptied into a sorting tray. During
a preliminary sampling, we observed that, overall, the community
sampled by electroshocking was comparable to that sampled by kicknetting, except for caddisflies with heavy cases being underrepresented
by electroshocking as shown by Taylor et al. (2001). Therefore, five
rocks within the rectangle were chosen and carefully inspected to
capture attached macroinvertebrates which were added to the sample.
Samples were live-sorted by eye to the lowest possible taxonomic level
in the field, stored in separate bags partially filled with stream water
and frozen at the end of the day. This sampling procedure was repeated
for three different stream riffles with one each at the upstream, middle
and downstream sections of the 60-m sampling reach constituting
subsamples.
As macroinvertebrates in each subsample were to be identified
using both conventional morphometric and non-destructive DNA metabarcoding techniques, all drift nets, sample containers and other
sample handling materials were decontaminated prior to use at any
subsampling location to minimize potential for DNA cross-contamination. The stepwise decontamination procedure consisted of washing
sampling gear sequentially in soapy water, rinsing with distilled water,
rinsing with ethanol, treatment with ELIMINase® (Decon Labs Inc.) to
remove DNAses, RNAses and DNA, as well as exposure to UV irradiation
via sunlight for one day prior to use. Immediately prior to sampling a
specific site, materials were again rinsed with 95% ethanol and stream
water collected from the sampling site to remove any residual traces of
ELIMINase solution which could potentially degrade DNA in the sample
as well as from sources extraneous to the subsampling site itself.

the most robust estimates of community metrics for the sampled
stream.
2.3.2. DNA metabarcoding
2.3.2.1. DNA isolation from preservative ethanol. Preservative ethanol
was transferred from glass vials to clean 15 mL falcon tubes and
centrifuged at 2400×g for 1 min to collect the ethanol at the bottom
of the tube. One mL of ethanol was then transferred to each of two
1.5 mL microcentrifuge tubes and incubated at 56 °C until all ethanol
was evaporated. Then, 30 µL molecular biology grade water was added,
tubes were vortexed for 1 min to re-suspend free DNA, and the two
tubes were pooled.
2.3.2.2. PCR and sequencing. Following DNA isolation, two fragments
(BR5 and F230R) of the cytochrome C oxidase subunit 1 (CO1) “DNA
barcode” gene were amplified from each sample through a one-stage
PCR using the following primers with Illumina-adapter sequences
(Gibson et al., 2015): B forward primer (Hajibabaei et al., 2012) and
ArR5 reverse primer (Gibson et al., 2014) for BR5, and LCO1490
forward primer (Folmer et al., 1994) and 230R reverse primer (Gibson
et al., 2015) for F230R. PCRs were set up in duplicate. Reactions had a
standard mix of 17.8 μL molecular grade water, 2.5 μL 10x reaction
buffer (200 mM Tris HCl, 500 mM KCl, pH 8.4), 1.0 μL MgCl2 (50 mM),
0.5 μL dNTPs (10 mM), 0.5 μL forward primer (10 mM), 0.5 μL reverse
primer (10 mM), 0.2 μL Platinum Taq DNA polymerase (2 U/µL) (Life
Technologies; Burlington, Ontario, Canada), and 2.0 μL DNA template,
for a total of 25 μL per reaction. A negative control (i.e., reaction with
2 μL water instead of DNA) was included to ensure PCR reagents were
free of contamination. Reactions underwent 35 cycles of 94 °C for 40 s,
46 °C for 60 s, 72 °C for 30 s using an Eppendorf Mastercycler Ep
Gradient S Thermal Cycler. PCR amplification was visually confirmed
through gel electrophoresis using a 1.5% agarose gel stained with
ethidium bromide. Duplicate PCR products were pooled and purified
following the MinElute PCR Purification kit (Qiagen; Toronto, Ontario,
Canada) standard protocol, eluting with 15 μL molecular biology grade
water. The purified BR5 and F230R fragments were pooled for each
sample and sequenced on an Illumina MiSeq using v2 MiSeq sequencing
chemistry kit (250 bp × 2). All raw sequences are available from the
National Centre for Biotechnology Information (NCBI) Sequence Read
Archive project PRJNA505831.

2.3. Taxonomic identification of stream macroinvertebrates
2.3.1. Conventional morphometric identification
In the laboratory, processing of field samples was conducted to
minimize potential DNA cross-contamination in the subsequent metabarcoding analysis. All sample containers and sample handling equipment were sequentially pre-rinsed with ELIMINase solution and rinsed
with Milli-Q water and ethanol. Aquatic insects were identified to
genus, with the exception of Chironomidae and Simuliidae – which were
identified to family, and classified according to their functional feeding
group (FFG) using Merritt et al. (2008) (data available in Mendeley
Data, doi: https://doi.org//10.17632/xj3g36f76p.1). Body length, a
good indicator of biomass (Smock, 1980), was measured in millimetres.
In cases where identifications were uncertain, the individual specimen
was recorded as an “unknown” belonging to the lowest taxonomic
grouping for which identification was unequivocal (usually Family).
Once morphometrically identified and measured, one piece of tissue
(usually one leg, but the anterior or posterior end of the body in the
case of Dipterans) was pulled from each individual and transferred into
a single glass vial filled with 95% ethanol to form a pooled composite
for each subsampling site and subsequently submitted for DNA metabarcoding analysis. This approach assured direct comparability between subsamples identified using conventional morphometric and
DNA metabarcoding techniques. In addition, it allowed for sufficient
invertebrate tissue to be retained for stable isotope analysis as described
in a separate publication (Erdozain, 2017).
From this data, family- and genus-level richness, abundance and the
proportion of each FFG comprising the community within each subsample and stream were calculated. Additionally, cumulative length
was calculated by adding the length of every individual of a given taxon
in a vial and treated as a proxy for biomass of a given taxon in a sample
(Smock, 1980). Analysis of individual subsamples allowed for the assessment of within stream variation, whereas pooled samples provided

2.3.2.3. Bioinformatics. Bioinformatic methods involved processing
sequence reads obtained from each subsample using a semiautomated pipeline including Bash and Perl scripts (available at
https://github.com/terrimporter/ErdozainEtAl2018). Raw reads were
paired with SEQPREP v1.1 (available from https://github.com/jstjohn/
SeqPrep) requiring a minimum forward and reverse read overlap of 25
base pairs and a minimum Phred score of 20 in the overlap region. GNU
(the Unix-like operating system) parallel shell-tool was used to spread
multiple jobs across cores (Tange, 2011). For each marker, CUTADAPT
1.10 was used to remove forward and reverse primers requiring a
minimum paired read length of 150 base pairs, a minimum Phred score
of 20 at the sequence ends, allowing a maximum of 3 N’s in the primer
region (Martin, 2011). MOTHUR was used to convert fastq files into
FASTA files (Schloss et al., 2009). VSEARCH 2.4.2 was used to
dereplicate the reads, i.e., get unique reads and track read counts
(Rognes et al., 2016). Reads from all samples were pooled together for a
global analysis. USEARCH10 with the unoise3 algorithm was used to
produce exact sequence variants (ESVs) (Callahan et al., 2017) and
remove rare ESVs (singletons and doubletons) (Edgar, 2016). An
ESV × sample table containing read abundance data was created by
mapping all possible primer-trimmed reads with 100% sequence
similarity to reference ESVs. Taxonomic assignments were performed
using the stand-alone Ribosomal Database Classifier 2.12 with the CO1
Eukaryote v2 training set (Wang et al., 2007; Porter and Hajibabaei,
2018a). Read abundance from the ESV × sample table was mapped to
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the taxonomic assignment table using a custom Perl script. The final
taxonomy table and FASTA file of ESVs are available in Mendeley Data
(doi:
https://doi.org//10.17632/xj3g36f76p.1).
Taxonomic
assignments for ESVs were only used if they met minimum bootstrap
support cut-offs. First, we used minimum cut-offs proposed by Porter
and Hajibabaei (2018) (200 bp fragments: genus bootstrap proportion
(BP) > = 0.30, family BP > = 0.20, order BP > = 0.10), but due to
the considerable number of false positives, stricter cut-offs were
adopted (BP > = 0.50, family BP > = 0.30, order BP > = 0.10).
From this data, family-, genus- and ESV-level richness of aquatic insects
were calculated. Primary FFGs for all genera were obtained from
Merritt et al. (2008). The relative frequency of a FFG was estimated
by calculating relative ESV frequency (total number of ESVs per FFG
divided by the total number of ESVs per site) and relative read
abundance (total number of reads per FFG divided by the total
number of reads per site). Variable library sizes were normalized by
resampling using rarefaction down to the lowest 15th percentile to
avoid library size bias when comparing diversity across samples using
the vegan package in R (Dixon and Palmer, 2003; Weiss et al., 2017).

other commonly used methods (e.g., Mantel test) to describe differences
and associations among multivariate datasets (Peres-Neto and Jackson,
2001). The analysis was followed by PROTEST to calculate the concordance or correlation between the superimposed matrices (Rp) and to
assess the statistical significance of the Procrustean fit by following a
permutation procedure (pp) (vegan package in R; Oksanen et al., 2017).
Finally, the between methods congruence in proportion of FFGs was
assessed by conducting a Pearson’s moment correlation analysis, and
differences were visually examined by plotting the proportion of each
FFG as determined by the two different techniques relative to the 1:1
line representing perfect agreement.
2.5.2. Linking macroinvertebrate community metrics to environmental
variables
To determine how either the identification technique or the level of
taxonomic resolution affect the detection of associations between forest
management and benthic macroinvertebrate community metrics, the
relation between explanatory variables and macroinvertebrate response
metrics was assessed for each identification technique and taxonomic
level separately. As a first step in model construction and selection, a
subset of variables was selected. To reduce the number of explanatory
variables within the categories of harvest, upland forest condition,
stream morphology and water chemistry, PCAs were performed for
each category with all the variables (on centered and scaled data), and
the PCs that captured the main gradients were selected for modeling
analyses. The variance explained by each PC as well as the variables
correlated with the selected PCs are summarized in Table 1; PCA results
for each explanatory variable category can be found in Appendix B
(Figs. B1–B4). For the remaining categories (with fewer variables), only
the most representative variables were selected (Table 1) as explained
in Erdozain et al. (2018).
The statistical methods used to relate the macroinvertebrate community metrics to the explanatory variables differed between richness,
multivariate structural (NMDS) and functional (FFGs) metrics but, for
all three, two separate sets of tests were conducted using data derived
from conventional morphometric and DNA metabarcoding as follows:

2.4. Characterization of catchment and stream reach conditions
To assess potential linkages of observed differences in the benthic
macroinvertebrate communities with environmental gradients, we
chose a subset of explanatory variables from within the extensive data
available for the 12 Black Brook sites and classified them into ten categories under two spatial scales: catchment and reach variables.
Catchment variables included four categories related to harvest, topographic characteristics, and upland and riparian forest condition. Reach
variables were calculated by surveying and sampling the 60-m reach
used to collect macroinvertebrates and classified into six categories:
stream morphology, sediments, water chemistry, dissolved organic
matter (DOM) quality, water temperature and biofilms. The variables
are summarized in Table A2 in Appendix A, and a detailed description
of how the variables were measured can be found in Erdozain et al.
(2018).
2.5. Statistical analysis

2.5.2.1. Richness metrics. Hierarchical Partitioning analysis (hier.part
package in R; Walsh and Mac Nally, 2013) was conducted to assess the
relative importance of each explanatory variable and separate the
independent and joint contributions of each with respect to explaining
variation in stream macroinvertebrate richness (Chevan and
Sutherland, 1991). These results were complimented with simple
linear regressions, and the coefficient of determination values (R2)
and slope coefficients (only when regression models were statistically
significant at α = 0.1) were recorded. Model selection was conducted
using ordinary least-squares regression and Akaike Information
Criterion adjusted for small sample sizes (AICc) (MuMIn package in R;
Bartón, 2016). All potential models were first constructed from the
subset of explanatory variables (including the null model), and the
three best models (lowest AICc score) were selected for each richness
metric (Anderson, 2008). ΔAICc, Akaike weights (ωi) and R2 were
calculated to evaluate the relative importance and the variance
explained by each model.

2.5.1. Comparison of identification techniques and taxonomic resolution
To analyze differences between richness metrics derived from conventional morphometric and DNA metabarcoding, paired t-tests
(p ≤ 0.05) were applied separately at the family and genus levels. The
similarity was further explored by conducting a Pearson’s moment
correlation analysis, and differences were visually examined by plotting
richness as determined by the two different techniques relative to the
1:1 line representing perfect agreement. Within reach variation in
richness was assessed visually using box plots (three subsamples per
reach), while pooling of the data from the three subsamples provided a
dataset which was used for assessment of differences among streams.
Correlation analyses were used to compare richness at different taxonomic resolutions within each identification technique. Finally, the
congruence in the communities identified by each technique was calculated by dividing the number of instances in which the presence of
any given taxon in a sample was detected using both techniques by the
total number of detections using any technique and depicted using
heatmaps made from presence/absence matrices (pheatmap package in
R; Kolde, 2015).
Dissimilarity in benthic macroinvertebrate community composition
across streams was visualized in two dimensions using non-metric
multidimensional scaling (NMDS). The underlying Sørensen similarity
matrices for these graphs were calculated from presence/absence-based
matrices derived from the pooled invertebrate data from each stream. A
Procrustes analysis was used to assess the degree of association between
similarity matrices derived from different identification methods and
taxonomic levels. This method has been shown to be more robust than

2.5.2.2. Multivariate
compositional
metrics. To
assess
how
macroinvertebrate communities in the various streams ordinated in
relation to environmental gradients, explanatory variables were fitted
to NMDS ordinations as linear vectors using the envfit function using
vegan (Oksanen et al., 2017) in R, and the squared correlation
coefficients (r2) and significance (P-value based on 999 random
permutations) were reported.
2.5.2.3. FFG metrics. Relationships between proportions of FFGs and
explanatory variables were examined using independent redundancy
analyses (RDAs). The significance of the relationship between stream
176
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Table 1
Explanatory variables included in regression analyses. For principal components (PCs), the variance explained by each PC, as well as the variables positively (+) and
negatively (−) correlated with each PC, have been specified.
Category
Catchment

Variable
Harvest
Landscape
Upland forest condition

Riparian forest
Reach

Description†

PC1 (46%)
+: Partial & total harvest (< 5, 10, 20, 30 y)
+: Clearcut (< 5, 10, 20 y)
PC2 (25%)‡
Road density
+: Stream crossings
% effective VSA (% effVSA)
PC1 (64%)
+: % deciduous, VCI, P90, CrC2, CrC10, S10
−: % coniferous, S2
PC2 (28%)
+: % mixed, S2
−: % coniferous, CrC2
% riparian conifer
−: % deciduous, % mixed, height
Canopy openness

Stream morphology

PC1 (40%)

Sediments

LIM

Water chemistry

PC1 (54%)

DOM quality
Temperature
Biofilm

PC2 (24%)
HIX
MAT
Biofilm biomass
Algal biomass

+: % riffle, % cobble, width
−: % run, % pool, % silt, % sand, large woody debris
Leaf Inorganic Mass: represents inorganic sediment entrainment in leaf biofilms and deposition of fine inorganic
sediments
+: Cations (Ca, Mg), C, conductivity, pH
−: SiO2
+: DOC, Fe, Al, Cl
Represents DOM humification. −ly correlated with DOM aromaticity
Maximum August Temperature (related to other temperature variables such as average fall temperature)
Ash free dry mass of biofilm scraped from tiles
Chlorophyll-a concentration. +ly correlated with autotrophic index

†
Definitions and descriptions of variables can be found in Table A2 in Appendix A. [VCI: Vertical Complexity Index; P90: height of the 90th percentile; CrC2/
CrC10: crown closure at 2/10 m; S2/S10: LiDAR returns within 0–2/8–10 m].
‡
The sign (+ or −) of the loading of the variables in the principal component has been inverted for consistency and readability.

macroinvertebrate community functional metrics and explanatory
variables was assessed by testing the significance of the RDA model
using the built-in permutation test in vegan (Oksanen et al., 2017).
For model construction and selection purposes, only Black Brook
streams were included because the geological and topographical differences between Black Brook and Mount Carleton resulting from these
areas being part of different ecoregions could confound the comparison
between reference and harvested sites. Therefore, Mount Carleton sites
were only used to determine a regional range of natural variation and to
compare metabarcoding and conventional morphometric identifications. Results at species level were excluded from modeling analyses
because: 1) current bioinformatics reference databases lack sufficient
statistical confidence in species-level assignments (Porter and
Hajibabaei, 2018a), and 2) frequently encountered Canadian freshwater genera have been shown to be well-represented in current databases (Curry et al., 2018). All statistical analyses were performed in R
(version 3.3.2., R Core Team, 2016).
3. Results
3.1. Comparison of identification techniques and taxonomic resolution
3.1.1. Richness and community composition
Conventional morphometric and DNA metabarcoding detected a
comparable number of genera (14–26 and 12–24 pooled per stream,
respectively) and families (14–20 and 13–20) across streams, and
richness values for both techniques were strongly correlated (r = 0.82
for genus-richness and 0.81 for family-richness). Yet, within streams,
metabarcoding from preservative ethanol detected, on average, 3.3
fewer genera (t = −7.9; p < 0.001) and 2.0 fewer families (t = -5.3,
p < 0.001) than the conventional method (Fig. 1; see Fig. D1 for
boxplots of within-stream replicates in Appendix D). A range of 17–36
species and 101–606 aquatic insect ESVs per stream were identified by
DNA metabarcoding (see Appendix C for summary of CO1 metabarcoding data).
The congruence in presence/absence of families and genera was
81% and 69%, respectively, when comparing identifications based on
conventional morphometric and DNA metabarcoding from storage

Fig. 1. Pearson’s correlations between conventional morphometric (CM) and
DNA metabarcoding (MB) of storage ethanol richness at a) genus and b) family
levels for 12 Black Brook (BB) and 3 Mount Carleton (MC) streams. The solid
line represents the line of best fit and the dotted line represents the 1:1 line of
fit.
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86% of the samples and Paraleptophlebia in 44% (heatmap shown in Fig.
D3). In 5 and 11% of the instances the presence of a given family or
genus, respectively, was only detected using metabarcoding. Many of
those instances corresponded to five Chironomidae genera that were
not identified morphometrically.
Diptera was the order with the lowest congruence between
methods, with most families (except Chironomidae and Simuliidae)
being only detected morphometrically, whereas Ephemeroptera showed
the greatest congruence (Fig. 2). The genera missed by DNA metabarcoding generally corresponded to those with low sample biomass,
especially for Ephemeroptera and Trichoptera, but some of the Plecoptera taxa missed by ethanol-based DNA metabarcoding had high
biomass (Perodidae Diura and Taeniopterygidae Oemopteryx).
The ordination of sites based on macroinvertebrate community
composition was significantly correlated when results of the two different identification methods were compared at the genus level
(Procrustes analysis Rp = 0.64, pp = 0.003). However, at the family
level, community composition ordination was poorly correlated between
methods (Rp = 0.35, pp = 0.34) (NMDS ordinations shown in Fig. 5).
Regarding congruence among different taxonomic resolutions
within a specific identification technique, congruence was high between genus- and family-level richness (r = 0.97) as well as NMDS
ordinations (Rp = 0.83, pp = 0.001) when assessed using conventional
morphometrics. Similarly, richness at all four levels of resolution were
highly correlated when analyzed by DNA metabarcoding, correlations
being lowest between genus- and ESV-richness (r = 0.80) and highest

Table 2
Number (and proportion) of cases in which a given genus or family was detected by one or both conventional morphometry (CM) and DNA metabarcoding (MB) of storage ethanol across all samples. Values at the sample level
(n = 45 samples; 3 subsamples per stream) as well as pooled per stream (n = 15
streams) are shown.
Genus-level
Sample
Congruence (CM + MB)
Only CM
Only MB

Family-level
Stream

Sample

Stream

490 (69.1%) 219 (69.1%) 519 (80.8%) 223 (84.8%)
143 (20.2%) 65 (20.5%)
92 (14.4%) 35 (13.3%)
76 (10.7%) 33 (10.4%)
31 (4.8%)
5 (1.9%)

ethanol at the sample level (Table 2). However, in about 14% and 20%
of the instances the presence of a given family or genus, respectively,
was only detected using conventional morphometrics. Dixidae, Tipulidae, Lepidostomatidae and Taeniopterygidae were among the families
poorly detected by metabarcoding as these were missed in 100, 92, 86
and 85% of cases in which they were known to occur in samples based
on conventional morphometric results (see Fig. D2 for heatmaps depicting the direct comparison of presence/absence). Diura, Dicranota,
Oemopteryx and Dixa genera were not identified from the storage
ethanol in any sample, even though conventional morphometric identifications showed that they occurred in 41, 10, 11 and 6 samples, respectively. DNA metabarcoding also failed to identify Lepidostoma in

Fig. 2. Relationships between the cumulative length of benthic macroinvertebrate individuals from the same genus found in a sample (represented by a dot) and the
detection of that genus in that sample by DNA metabarcoding (0: missed; 1: detected). Each panel represents a taxonomic order and each colour a family. In the righthand panel of Plecoptera, the genera Diura and Oemopteryx have been excluded (because these taxa were missed by DNA metabarcoding probably due to poor
representation in the bioinformatics libraries rather than due to low biomass; see Section 4.1).
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morphometry explained a similar proportion of the variance at the
reach scale, but the variance explained was greater at the genus
(67–69%) than family level (50–56%) (Table E1 in Appendix E). For
both richness based on DNA metabarcoding and on morphometric
identifications, fine inorganic sediments were identified as significantly
and negatively influencing macroinvertebrate richness, although the
association was stronger with the latter technique (R2 = 0.26 vs. 0.44)
(Fig. 4). However, for richness based on morphometric identifications,
DOM humification had a higher negative independent effect than did
sediments whereas for richness based on metabarcoding, algae had the
strongest (and positive) independent effect and R2. At the catchment
level, % effVSA (−) was the catchment explanatory variable with the
strongest independent effect on all richness metrics (Fig. E1) and was
included in several best models (Table E1). However, canopy openness
(+) was only included in the models based on DNA metabarcoding and
the independent effect was as high as that of % effVSA.
The multivariate community composition also differed between
methods and across taxonomic levels. As shown in Fig. 5, genus-level
ordinations showed more statistically significant correlations with environmental variables than did family-level ordinations. The discriminatory power at the genus level was greater for ordinations based
on morphometric identifications than those from metabarcoding identifications, with 6 and 4 variables being identified as strongly
(p < 0.10) correlated with the NMDS ordination, respectively. Genuslevel ordinations based on both identification methods showed significant correlations with % effective VSA, DOM humification and inorganic sediments.
3.2.2. FFG composition
RDAs to examine relationships between the proportions of functional feeding groups and catchment and reach characteristics were
only significant when using morphometrics data and reach variables
(p = 0.01) and explained greater variance compared to the model using
metabarcoding data and reach variables (adj. R2 = 0.61 and −0.42,
respectively) (Fig. 6). The RDA of morphometrics data showed that the
proportion of shredders was positively related to fine inorganic sediments, DOM humification, water cations/carbon and temperature
whereas the opposite trends were found for collector-gatherers, herbivores and predators.

Fig. 3. Pearson’s correlations between conventional morphometric and DNA
metabarcoding of storage ethanol derived proportion of five FFGs (represented
by different colours) based on a) relative ESV frequencies, and b) relative read
abundances for 12 Black Brook and 3 Mount Carleton streams. The dotted lines
represent the line of best fit for each FFG and the solid line represents the 1:1
line of fit.

4. Discussion

between genus- and species-richness (r = 0.93). But family- and genuslevel ordinations were poorly correlated for DNA metabarcoding
(Rp = 0.35, pp = 0.37), whereas they approached significance for the
genus- and species-level ordinations (Rp = 0.48, pp = 0.07).

4.1. Characterizing stream macroinvertebrate communities using
conventional morphometrics vs. DNA metabarcoding
DNA metabarcoding from preservative ethanol consistently detected fewer genera or families than the conventional morphometric
method. These results contrast with previous studies that have reported
more taxa with DNA metabarcoding than with morphometric methods
within the same taxonomic level, which was attributed to the ability of
the former to identify broken or Chironomidae individuals (Sweeney
et al., 2011; Stein et al., 2014; Emilson et al., 2017). We also observed
greater detection of Chironomidae using DNA metabarcoding (Fig. D3),
but overall this method identified, on average, three genera less per
stream than conventional morphometric methods. However, DNA metabarcoding provided a finer level of resolution, as expected, by producing data at the ESV level.
One of the main explanations for the lower richness values is the
weak amplification of DNA from individuals with low proportional
masses in the sample, since the genera missed by DNA metabarcoding
generally corresponded to genera with low sample biomass (Fig. 2). To
some extent, this could be linked to sampling DNA indirectly from
preservative ethanol as opposed to from ground tissues that would
make more DNA available for PCR (Carew et al., 2018), as well as to
primer bias, a known issue in mixed template PCR reactions (Gibson
et al., 2014). The approach we used here is appealing because retained

3.1.2. FFG composition
The congruence between FFG distribution based on conventional
morphometrics and DNA metabarcoding (based on relative ESV frequency
and read abundance) was low overall, with correlation coefficients being
slightly higher when working with relative read abundances
(r = 0.21–0.68) than with relative ESV frequencies (0.16–0.63). However,
when plotting the data, FFG proportions were more similar between
techniques when using ESV frequencies (Fig. 3), with congruence being
highest for the most represented FFGs (shredders r = 0.52, collectorgatherers r = 0.63) and lowest for the groups with the lowest relative
abundances (herbivores r = 0.16, collector-filterers r = 0.34) (Fig. 3a).
When using read abundances, DNA metabarcoding tended to overestimate the proportion of collector-gatherers, filterers and herbivores,
and underestimate the proportion of shredders and predators (Fig. 3b).
3.2. Linking macroinvertebrate community metrics to environmental
gradients
3.2.1. Richness and community composition
Models based on DNA metabarcoding

and

conventional
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Fig. 4. Distribution of the percentage
of independent effect of each reach
explanatory variable on the variation
of benthic macroinvertebrate richness
at the genus, family and exact sequence variant (ESV) levels identified
morphometrically (CM) or using DNA
metabarcoding from storage ethanol
(MB) and collected in 12 Black Brook
streams (dark blue bars, bottom X
axis) (New Brunswick, Canada) according to hierarchical partitioning.
The open bars and the top X axis represent the R2 of the simple linear
regression between that explanatory
variable and the response variable;
the + or − signs correspond to the
slope of significant univariate regression models at α = 0.1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

tissue can be used for other analyses (e.g., stable isotope analysis in
Erdozain, 2017) or for retaining intact voucher specimens. Our results
are in line with previous work that has shown metabarcoding from
storage ethanol recovers lower richness compared with ground bulk
samples (Hajibabaei et al., 2012; Carew et al., 2018).
An incomplete reference database may further explain incongruences between conventional morphometrics and metabarcoding
from storage ethanol. For example, some of the Plecoptera taxa missed
by ethanol-based DNA metabarcoding had high biomass (Diura and
Oemopteryx), but they were poorly represented in the bioinformatics
libraries (2 and 0 sequences, respectively). This agrees with findings by
Curry et al. (2018), who reported that Plecoptera had among the lowest
genus-level representation in the libraries (only 60% of the genera have
associated CO1 sequences). A further complication for Diptera, i.e., the
order with the lowest congruence between techniques in our study, is
that this group is generally characterized by high intraspecific distances
(implying the presence of undetected new species) and relatively low
divergences (possibly a result of hybridization) (Cywinska et al., 2006;
Rivera and Currie, 2009; Renaud et al., 2012). Another potential factor
is the use of more stringent bioinformatic assignments (e.g., RDP classifier in this case) for matching sequences against an incomplete reference database. It could also be argued that the minimum bootstrap
proportion cut-offs we used were too strict and resulted in lower detection of taxa by DNA metabarcoding. Yet, lower cut-offs did not result
in greater congruence, whereas the inclusion of false positives increased
considerably. Finally, we found a lack of congruence in the family-level
community composition ordination between methods, as well as

between family- and genus-level ordinations for DNA metabarcoding. A
check of taxa in the CO1 Eukaryote v2 training set (Porter and
Hajibabaei, 2018a) showed that a disproportionate number of families
are ‘undefined’ compared with other taxonomic ranks. Uncertainty in
the underlying reference database (that relies on the NCBI taxonomy
database) may lead to lower confidence scores for assignments at the
family rank (Table D1). As indicated previously, one of the greatest
challenges of metabarcoding is the absence of some taxa in reference
sequence libraries (Porter et al., 2014; Curry et al., 2018; Porter and
Hajibabaei, 2018a). However, reference database coverage is growing
each year, and thus, the proportion of accurate taxonomic assignments
is expected to increase (Porter et al., 2014; Porter and Hajibabaei,
2018a,b).
An additional explanation for some of the discrepancies could be
that some of the genera or families were incorrectly identified using
morphometrics. Erroneous assignments could be especially true in early
instar taxa with very small individuals (e.g., some Lepidostomatidae).
Several previous studies have shown that including abundance data
can enhance analytical sensitivity when evaluating stream macroinvertebrate responses to environmental perturbations (Marshall et al.,
2006; Heino, 2014). Further, integration of abundance data is essential
to determine proportional community composition by FFGs and it helps
to transition towards more comprehensive assessments of ecological
integrity that include structural, compositional and functional attributes of stream macroinvertebrate communities. Currently, DNA metabarcoding techniques do not allow for accurate quantification of relative abundance and this is recognized as a disadvantage (Polz and
180

Ecological Indicators 101 (2019) 173–184

M. Erdozain et al.

Fig. 5. Two-dimensional non-metric multidimensional scaling (NMDS) analyses for benthic macroinvertebrate communities identified at different taxonomic resolutions (genus and family) and using different identification techniques (conventional morphometry – CM and DNA metabarcoding – MB) in 12 streams within the
intensively managed Black Brook (BB) district. The arrows are environmental variables significantly correlated (p < 0.10) with the ordination. (SM: stream morphology; WC: water chemistry; MAT: maximum August temperature; LIM: leaf inorganic mass; HIX: humification index; effVSA: effective Variable Source Area; PC:
principal component).

Cavanaugh, 1998; Amend et al., 2010; Elbrecht and Leese, 2015; Deiner
et al., 2017). However, some studies have reported positive associations
between relative abundance of individuals and relative read abundance
(Evans et al., 2016; Hänfling et al., 2016). In the current study, the
congruence between FFG distribution based on conventional morphometrics and DNA metabarcoding (using both relative ESV frequency
and read abundance) was low. This shows that, currently, ESV frequency or read abundance derived from metabarcoding of storage
ethanol do not accurately quantify functional attributes based on relative abundances (FFG proportions).

comparable between techniques. However, the environmental variables
related to richness depended on the identification method. For example,
relationships between richness and sediments/DOM humification were
weaker with metabarcoding of storage ethanol than with morphometry,
but relationships between richness and algal biomass were stronger
with metabarcoding (Fig. 4). In our previous study in these streams, we
found that inorganic sediments and DOM humification were strongly
related to forest management intensity (namely road density), whereas
algal biomass was more strongly related to riparian conditions such as
canopy openness (Erdozain et al., 2018). Therefore, the weaker relationships between richness and sediments/DOM humification observed with metabarcoding of storage ethanol suggest that the taxa
missed by this technique may have diminished the ability to detect the
negative effects of forest management intensity on macroinvertebrate
richness. This contrasts with studies in which DNA metabarcoding of
macroinvertebrate tissues improved the power to detect changes in
streams due to the increased taxonomic richness detected (Sweeney
et al., 2011; Stein et al., 2014), which is not surprising considering that
richness was lower with DNA metabarcoding in our study.
Regarding taxonomic resolution, the optimal level to detect environmental gradients in aquatic systems remains unclear, with some
studies showing increased (Gibson et al., 2015), decreased (Martin
et al., 2016) or constant (Emilson et al., 2017) discriminatory power
with finer taxonomic resolution; in fact, the optimal resolution level

4.2. Linking stream macroinvertebrate community metrics to environmental
gradients using conventional morphometrics vs. DNA metabarcoding
Overall, our modeling results showed that stream macroinvertebrate
communities identified using either morphometric or DNA metabarcoding techniques were influenced by both catchment and reach
scale variables. However, the specific relationships between macroinvertebrate community metrics and environmental variables and their
strength varied depending on the identification method and taxonomic
resolution used. For community composition ordinations and FFG distributions, associations with environmental variables were stronger
when using the morphometric dataset at the genus level of resolution,
but for richness metrics the strength of the associations were
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proportional masses in the sample (e.g., rare taxa), is required before
there is wide-spread application of only this technique for stream
macroinvertebrate community characterization. Our results indicate
that this technique is not yet ready for monitoring programs that require relative abundance data (e.g., to calculate the proportion of
FFGs). However, continuing development of genetics-based techniques
may soon provide the capacity to determine relative abundances
(Deiner et al., 2017). For example, a recent study suggests that PCR-free
mitogenome sequencing (genome skimming) may be better suited to
producing quantitative data that reflects biomass, which is related to
abundance (Bista et al., 2018).
The results in this study concur with those of multiple metrics for
these study sites (Erdozain et al., 2018) and, as such, provide greater
confidence that stream macroinvertebrate community metrics reflect
similar ecological effects as those of more comprehensive multi-metric
approaches. Taken together with our previously published work
(Emilson et al., 2017), results of the current study support the overall
conclusion that DNA metabarcoding of stream macroinvertebrate
communities have potential for use as a standardized, practical technique for broad scale biomonitoring programs to assess and assure
ecologically responsible forest management at the site level. Future
studies should test this indicator across various spatial scales to understand how far downstream forest management influences macroinvertebrate communities. This will allow to gain a more thorough
picture of the effects of disturbance on headwater stream ecosystems.

Fig. 6. Redundancy analysis (RDA) on several functional metrics (yellow; %
shredder/SH, % collector-gatherers/CG, % grazers/GR, % predators/P, % collector-filterers/CF) for benthic macroinvertebrates identified morphometrically
in 12 Black Brook streams (New Brunswick, Canada). Reach explanatory variables are shown by blue vectors (SM: stream morphology; WC: water chemistry;
HIX: humification index; PC: principal component). Explanatory variables have
been scaled with factor 2 for graphical purposes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

5. Conclusions and recommendations
This study demonstrated reasonably high levels of congruence in
stream macroinvertebrate identifications based on preservative-based
DNA metabarcoding and conventional morphometric techniques.
However, matching was imperfect and metabarcoding of storage
ethanol identified fewer genera and families. This resulted in different
explanatory variables being identified as important depending upon
method of taxonomic identification and/or level of taxonomic resolution employed for these streams in an intensively managed region, and
such differences could have important implications on conclusions and
forest management actions that might result therefrom. In addition,
there was greater discriminatory power when data at the genus level
were used when compared to those at the family level. Therefore, this
study highlights the importance of standardizing the method of taxonomic identification and the level of taxonomic resolution at which
data are collected and reported. We conclude that DNA metabarcoding
of storage ethanol provides a promising approach for characterizing
stream macroinvertebrate communities, but that its full deployment in
biomonitoring projects to assure ecologically responsible forest management first requires addressing some limitations in current methods.
In this regard, we suggest future efforts should be focused on optimizing non-destructive, ethanol-based DNA metabarcoding for freshwater biomonitoring of macroinvertebrates. In particular, we look
forward to the continued improvement of sequence libraries, to enhanced sensitivity for detecting taxa with low sample biomass, to future
capacity to allow for species-level assignments to be made with high
statistical confidence, to further improvements in our understanding of
ecological function at such fine levels of taxonomic resolution as the
ESV level, and to the potential development of methods for estimating
relative abundance based on ESV-level data.

could be site specific (Heino, 2014). In this study, genus-level resolution
had a greater discriminatory power than did family-level resolution, in
agreement with the idea that monitoring programs that rely on familylevel identifications have less power to detect disturbances (Chessman
et al., 2010). We did not examine species-level resolution because
current bioinformatics reference databases lack sufficient statistical
confidence in species level assignments (Porter and Hajibabaei, 2018a),
and due to the greater time, money and expertise required than for
genus/family level morphological identifications. However, finer sequence-based resolution (e.g., ESV) did not result in stronger relationships between invertebrate metrics and explanatory variables; this
could be because closely related taxa may share similar traits, and thus,
respond to environmental changes in a similar fashion (Martin et al.,
2016). Yet, ESV-level data represent the finest level of biodiversity data
obtained from environmental samples; thus, they should be included in
DNA metabarcoding analysis, reporting and archiving. This recommendation is made in anticipation of advancements in sequence
clustering methods to generate ESVs, taxonomic assignment methods,
and reference sequence libraries that together are likely to provide
greater confidence and comprehensive assignment to species.
4.3. Implications for forest management biomonitoring programs
The incongruences between different methods of identification and
levels of taxonomic resolution described above can have important
implications on the results, conclusions and any management actions
which might result therefrom. For example, based on conventional
morphometric identifications we would have concluded that macroinvertebrate richness was negatively affected and FFG distribution altered by reach conditions derived from forest management intensity in
these streams. But, using metabarcoding identifications we may have
missed such a linkage and concluded that macroinvertebrate communities were mainly influenced by riparian and associated algal conditions (Fig. 4) (Erdozain et al., 2018). Therefore, we conclude that future
optimization of DNA metabarcoding from storage ethanol, such as improving the amplification of DNA from individuals with low
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