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Abstract

eight replicates each).

Background: Chironomids, or non-biting midges, often dominate stream invertebrate communities in terms of
biomass, abundance, and species richness and play an important role in riverine food webs. Despite these clear

facts, the insect family Chironomidae is often treated as a single family in ecological studies or bioassessments given
the difficulty to determine specimens further. We investigated stressor responses of single chironomid operational
taxonomic units (OTUs) to three globally important stressors (increased salinity, fine sediment and reduced water flow
velocity) in a highly replicated mesocosm experiment using a full-factorial design (eight treatment combinations with

Results: In total, 183 chironomid OTUs (97% similarity) were obtained by applying a quantitative DNA metabarcod-
ing approach. Whereas on the typically applied family level, chironomids responded positively to added fine sediment
and reduced water velocity in the streambed and negatively to reduced velocity in the leaf litter, an OTU-level analysis
revealed a total of 15 different response patterns among the 35 most common OTUs only. The response patterns
ranged from (a) insensitivity to any experimental manipulation over (b) highly specific sensitivities to only one stressor
to (c) additive multiple-stressor effects and even (d) complex interactions.

Conclusion: Even though most OTUs (>85%) could not be assigned to a formally described species due to a lack

of accurate reference data bases at present, the results indicate increased explanatory power with higher taxonomic
resolution. Thus, our results highlight the potential of DNA-based approaches when studying environmental impacts,
especially for this ecologically important taxon and in the context of multiple stressors.
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Background

Chironomidae (‘non-biting midges’) is a highly diverse
family of insects with an estimated global richness of
up to 20,000 species [11]. They occur in every zoogeo-
graphic region including Antarctica [4], and their larvae
inhabit limnic, marine, terrestrial, and even subterranean
environments [1, 13]. Chironomids occur over a wide
range of environmental gradients, including gradients of
pH, salinity, dissolved oxygen, water level, and tempera-
ture (reviewed in: [3, 56]). In streams and lakes, they are
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and indicate if changes were made.

frequently the most abundant group of insects [56] often
accounting for at least 50% of the total macroinverte-
brate species [3]. Because of their species richness and
high abundance, chironomids play an important role in
aquatic and terrestrial food webs (e.g., [75]). Chirono-
midae larvae are found in all functional feeding groups
(gatherers, filterers, scrapers, shredders, and predators)
and many species are able to exhibit different feeding
modes [6]. Chironomid larvae themselves are prey to fish
[58] and many species of invertebrates (reviewed in [56]).

Despite their species richness, diversity, abundance,
and ecological importance, the taxon Chironomidae
has not experienced the same autecological in-depth
research as other freshwater taxa [56]. Thus, despite
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detailed investigation of single species such as Chirono-
mus riparius [3, 53] or Chironomus plumosus [30, 32],
many ecological studies only treat Chironomidae at fam-
ily or subfamily level. This divergence is partly attributed
to their small body size and difficulties in the morpholog-
ical identification of their larvae and adults, which hin-
ders studying the autecology of species, especially in field
studies. Beyond that, the taxonomic impediment com-
bined with the high abundance of Chironomidae makes
it often not feasible to use the taxon in ecological studies
or for morphology-based routine biomonitoring below
family or subfamily level. Even though for Chironomi-
dae an increased taxonomic resolution can be achieved
by studying pupal exuviae rather than larvae [24], exuviae
drift downstream on the water and thus do not provide
the exact same information on time and space as benthic
sampling.

Identifying communities with many species using clas-
sical taxonomy demands increased time, money, and
expertise (e.g., [33, 34]). Therefore, the concept of taxo-
nomic sufficiency [21] was developed, which suggests
using higher taxonomic levels than species as taxonomic
surrogates. Consequently, many studies addressing the
concept of taxonomic sufficiency revolve around the
question if there is a loss of information when higher tax-
onomic levels are used (e.g., [37, 46, 68]). However, a pre-
cise alternative to morphological species identification is
nowadays possible with molecular methods such as DNA
barcoding [29] or its fast and cost-efficient extension
DNA metabarcoding [66], which allows for simultaneous
analysis of hundreds of specimens and species. Molecular
methods are already widely used for species identification
(e.g., [8, 28, 73, 76]) and have been shown to be benefi-
cial for bioassessments [19, 22, 25, 64]. These new DNA-
based techniques now also make it possible to test and
even circumvent the concept of taxonomic sufficiency.
They hold the potential to provide highly resolved data
on community change under stressor conditions that is
typically not assessed. The importance of this additional
layer of resolution for ecosystem process understanding
and subsequently management measures has been rarely
explored so far. Key targets for such studies should be
highly abundant, ecologically relevant and species-rich
taxa like Chironomidae.

In this study, we selected Chironomidae as an eco-
logical key taxon and investigated specific stressor
responses of single Chironomidae operational taxonomic
units (OTUs)—likely representing individual species—
obtained by DNA metabarcoding. The chironomids were
obtained from a former mesocosm field experiment [5]
that studied effects of three globally important stress-
ors on stream communities. The tested stressors were
increased salinity, added fine sediment, and reduced
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water flow velocity, alone and in all possible combina-
tions. Among the macroinvertebrate taxa in the experi-
ment, the Chironomidae were the most abundant group
(59,325 specimens, 59.6% of all specimens), and due to
their sheer abundance, they were identified morphologi-
cally only to family level. In the mesocosm experiment,
two microhabitats were distinguished and analyzed
separately: channel substratum (here referred to as
‘streambed’) and leaf litter. On family level, chironomid
abundances of the streambed increased with added fine
sediment and reduced water flow velocity. In the micro-
habitat leaf litter, chironomid abundance decreased upon
flow velocity reduction, which combined with the stre-
ambed results could be interpreted as behavioral shift
from the leaf litter to the streambed. Changes in salin-
ity did not affect the Chironomidae abundances in any
microhabitat [5].

In view of recent studies [9, 69], we expected to find a
large number of different chironomid species/OTUs in
the experiment. However, following the concept of taxo-
nomic sufficiency, we predicted similar responses to the
different stressors for the vast majority of chironomid
species/OTUs as on family level (see above).

Methods

Mesocosm experiment

A multiple stressor mesocosm field experiment (origi-
nal experiment design by [54]; see [5] for full experiment
description) was conducted from 8 March to 22 April
2014 at the Felderbach (Germany, North Rhine-West-
phalia, 51°20’59.09"N, 7°10’14.03"E, 136 m a.s.l). Stream
water was continuously pumped into the experiment to
maintain a constant water flow into each of 64 meso-
cosms (25 cm diameter, volume 3.5 L; Microwave Ring
Moulds, Interworld, Auckland, New Zealand), which
were arranged in four blocks of 16 mesocosms each. The
mesocosms contained the two compartments channel
substratum (300 mL fine sediment [<2 mm], 900 g gravel
[2—30 mm] and seven stones [>30 mm]) and leaf litter
bags (12.5 x 6.5 cm, 5 mm mesh size, 2.5 g leafs) of dried
alder leafs, which resemble the two microhabitats stre-
ambed and leaf litter in the study. Colonization of meso-
cosms occurred via drift (water intake pump mesh size
4 mm) and was complemented with macroinvertebrates
from multi-habitat kick-net sampling (96 kick samples in
total, 12 benthic kick samples per 8 channels, area of ben-
thic habitat provided per individual channel: 0.163 m?).
The experiment ran for 46 days (24-day colonization,
22-day manipulative period). Responses of macroinverte-
brates to stressors were tested in a 2 x 2 x 2 full-factorial
design with two levels of each factor and 8 replicates per
treatment combination (see [5] for details on the cho-
sen factor levels): salinity (ambient [18.2 mg/L, SD +4.1]
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versus increased [312.2 mg/L, SD+78.5] chloride con-
centration), fine sediment (ambient [300 mL <2 mm)] ver-
sus added [300 mL<2 mm plus 450 mL<0.5 mm]), and
water flow velocity (normal [16.5 cm/s, SD+£0.1] versus
reduced [9.6 cm/s, SD=+0.1]). Macroinvertebrates were
sampled at the last day of the experiment by first taking
out the leaf litter bags followed by sieving the channel
substratum for macroinvertebrates. Macroinvertebrates
from both microhabitats were stored separately for every
single mesocosm in 96% ethanol (which was replaced
with fresh 96% ethanol the same day) at — 20 °C until fur-
ther processing. All macroinvertebrates were identified
morphologically and counted. For the present study only
Chironomidae, which were not identified further below
family level, were used for further molecular analysis.

DNA extraction, DNA metabarcoding, and bioinformatics

For the molecular analysis, chironomids were obtained
from both microhabitats (streambed, leaf litter) from
all 64 mesocosms. The 128 samples were dried sepa-
rately in 1.5 mL Eppendorf tubes on a heating block
at 50 °C for 16—24 h, before weighing their respective
dry mass (Additional file 1). Specimens were grinded
in their respective tube by five zirconia beads (2.0 mm
Zirconia Beads, BioSpec Products, Bartlesville, USA)
at 6 m/s for 3 x 45 s on a FastPrep®-24 tissue grinder
(MP Biomedicals, Eschwege, Germany). DNA was
extracted from the grinded tissue using a modified salt
extraction protocol [65]; modified by [74], followed by
an RNA digestion step using 1 pL RNase A on 50 pL
sample for 30 min at 37 °C and a clean-up step using
the NucleoSpin® Gel and PCR Clean-up kit (Mach-
erey—Nagel, Diiren, Germany) to minimize the con-
centration of possible inhibitors prior to PCR. DNA
concentrations of the extracted and cleaned-up samples
were measured using the Qubit 2.0 (Broad Range Kit,
Thermo Fisher Scientific, Beverly, USA) and diluted to
25 ng/uL. DNA was amplified using a two-step PCR
protocol. In the first step, DNA was amplified using
illustra puretaq ready-to-go PCR beads (GE Health-
care UK Limited, Little Chalfont, UK) with 12.5 ng
DNA and 0.5 pM of each primer (BF2, BR2; [17]) filled
up to 25 pL with sterile H,O at: 94 °C for 3 min ini-
tial denaturation, followed by 25 cycles of 94 °C for 30 s
denaturation, 50 °C for 30 s annealing, 72 °C for 2 min
elongation, and final elongation at 72 °C for 5 min. PCR
success was validated by gel electrophoresis before the
PCR product was cleaned-up using the NucleoSpin®
Gel and PCR Clean-up kit (Macherey—Nagel, Diiren,
Germany) to remove any bovine serum albumin (BSA)
from the samples. In the second step, DNA was ampli-
fied using 1x Buffer, 0.2 mM dNTPs, 0.5 pM of each
primer, 0.025 U/pL 5Prime HotMaster Taq DNA
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Polymerase (Quantabio, Beverly, USA), 1 uL. DNA tem-
plate from the first PCR step, filled up to 50 pL with
sterile H,O. The above-described PCR protocol was
applied, with 15 instead of 25 cycles, in the second
step. Samples were individually tagged in the second
PCR step using fusion primers ([17]; all primer com-
binations can be found in Additional file 2). DNA con-
centrations were measured after the second PCR step
(Additional file 1) using the Fragment Analyzer (Stand-
ard Sensitivity NGS Fragment Analysis Kit; Advanced
Analytical, Ankeny, USA). Two libraries were pooled
including specimen abundance as a factor (Additional
file 1). The first library consisted of all samples from the
experimental blocks 1 and 4 and the second library of
all samples from experimental blocks 2 and 3. Pooled
this way, both libraries contained an equal amount of
samples from both microhabitats (32 streambed and 32
leaf litter samples per library), an equal amount of sam-
ples per treatment (four replicates of each treatment
combination) and nearly the same number of chirono-
mid specimens (29,915 specimens [block 1 and 4] ver-
sus 29,410 specimens [block 2 and 3]). A left-sided size
selection was performed for both libraries using 0.76 x
SPRI select (Beckman Coulter, Krefeld, Germany). Each
library was sequenced using the MiSeq platform with
a paired-end v2 kit (read length 2 x 250 bp) at GATC,
Germany (5% PhiX spike into increase sequence diver-
sity). Raw data were processed with R JAMP v023
(https://github.com/VascoElbrecht/JAMP). Sequences
were assigned to their original sample using the module
Demultiplexing_shifted, followed by paired-end merg-
ing using Usearch (v10.0.240, [14]) through the JAMP
module U_merge_PE. Reverse complement sequences
were generated where necessary and quality filter-
ing was conducted (maxee=1; [14]). Pre-processing
of sequences included primer removal (Cutadapt v1.9;
[43]) discarding of reads & 10 bp of the expected length
and dereplication with removing singletons. Opera-
tional taxonomic unit (OTU) clustering was conducted
(97% similarity) and clusters with at least 0.01% abun-
dance in one sample (after mapping of the reads includ-
ing singletons) were included for further analyses. After
remapping the remaining reads of OTUs that were dis-
carded in the first filtering step, a second filtering step
was conducted for each sample separately, in which
only OTUs with an abundance of at least 0.01% in the
respective sample were retained. OTUs were assigned
to a taxonomic group by comparison with the Barcode
of Life Database (BOLD, http://www.boldsystems.org/;
accessed 02.08.2017) as implemented in JAMP. Since
a 4-5% threshold has been suggested to be appropri-
ate to delineate species of the chironomid genus Tany-
tarsus [39], we carried out a second analysis using a
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combination of Usearch (v10.0.240; [14]) and Vsearch
(v2.8.1; [60]) with a 5% clustering threshold to obtain a
more conservative estimation of the actual number of
species.

Conceptual model, read abundances, and statistics

It is assumed that the initial chironomid communities
in the experiment by Beermann et al. [5] were simi-
lar or at least did not vary systematically between the
treatments. Differences in specimen abundances at the
end of the experiment are considered to be the effect
of the applied stressors and a shift of organisms from
one microhabitat to the other to represent a behavio-
ral shift. DNA metabarcoding fails at picking up the
exact specimen abundances [15, 57], which are needed
for arithmetic-mean-based statistics that are used for
analyzing stressor effects. Species and specimens differ
in their biomass, and, therefore, also in their amount
of DNA [18]. These differences are further ampli-
fied in a PCR, a pattern which is also modified by dif-
ferences in primer binding efficiency [15], ultimately
distorting the use of read abundances as a proxy for
specimen abundances. In this study, we used highly
degenerated primers [16, 17] and focused on a single
family. To test if the species, potentially being found
in this study, can be recovered with the used primers,
we clustered (97% similarity, PrimerMiner v0.18; [16])
and aligned all publically available chironomid COI
sequences from specimens sampled in Germany from
BOLD (downloaded 01.06.2017, Additional file 3). We
then tested the match of our used forward primer (BF2)
sequence against all the available OTUs showing that
the primer matched to>98.5% of the OTUs without a
single mismatch, supporting a generally good match.
The reverse primer could not be tested as it is located
in the HCO2198 binding region. Even though a primer
bias between species cannot be excluded (i.e., certain
species might be over- or underrepresented in their
read abundance as a result of different primer binding
efficiencies), this bias is expected to not systematically
vary between the same OTUs in different treatments.
A bias due to unequal biomass of specimens [15, 18]
cannot be excluded, but is expected to be compara-
bly small here, because chironomid specimens show
much less variation in biomass among different spe-
cies than other taxa such as Ephemeroptera, Plecop-
tera, and Trichoptera. Furthermore, when analyzing
stressor effects, the number of reads of a single OTU
is compared to the number of reads of the same OTU
and not to those of other OTUs (with the exception of
community variables, see below). Unless the different
treatments of the experiment significantly impacted on
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growth rates during the experimental manipulation and
thereby on organism size and biomass, the same OTUs
under different treatments should contribute a com-
parable amount of DNA per specimen. We argue that
read abundances can be used in our case as a proxy for
real abundances. Even though our data do not allow for
quantifying the mean number of individuals affected by
a stressor treatment, we argue that the analysis of read
abundances is sufficient to infer stressor responses of
the respective OTUs. In addition, although a high vari-
ation in the number of reads per OTU and sample may
be expected, this study is backed by a high number of
replicates (8) per treatment combination, which makes
the results robust against random variation. Hence,
read abundances of OTUs were used as an input for
statistical tests. Since the sequencing depth per sample
can vary for technical reasons the number of reads was
standardized (see Additional file 4) prior to statistical
analyses. Data were analyzed using SPSS 23 (IBM SPSS
Statistics; IBM Company, Chicago, IL, U.S.A.) and R
v3.3.3 [67]. We examined the responses of three com-
munity metrics for both microhabitats: OTU richness,
Simpson’s index of diversity, and Pielou’s evenness. For
each metric, we performed an ANOVA with salinity,
fine sediment and flow velocity as fixed factors. The
ANOVA model was intercept (d.f. 1) + salinity (1) + fine
sediment (1)+ velocity (1)+ salinity x fine sediment
(1) + salinity x velocity (1) +fine sediment x salin-
ity (1)+salinity x fine sediment x velocity (1)+ error
(56, n=064). Since null hypothesis significance testing
does not provide any estimates of the magnitude of an
effect of interest [47], we calculated standardized effect
sizes for all results with p <0.10 to allow evaluating the
biological relevance of our findings (partial #* values,
range 0—1). To assess treatment effects on invertebrate
community composition, we performed a MANOVA
with the multivariate equivalent of the model above
for all OTUs with a read abundance of at least 50,000
reads (0.39%) for the total read abundance and at least
30,000 reads (0.23%) for the respective microhabitat
(35 OTUs in total, 24 OTUs for the streambed, and 25
OTUs for the leaf litter). Moreover, we examined the
between-subjects effects in the MANOVA for each
common taxon to determine their individual responses.
After exploratory analysis, community-level and taxon
data were log-transformed (log+ 1) to improve normal-
ity and homoscedasticity. OTU sequences of the ana-
lyzed 35 OTUs where compared to the Barcode of Life
Database to explore the taxonomy of the OTUs found
in this study. The criteria to accept a species name were
at least 95% similarity to a reference sequence, > 5 pub-
lished reference sequences, adult reference specimens



Beermann et al. Environ Sci Eur (2018) 30:26

and > 1 visible project with a visible specimen identifier
(see Additional file 5 for details).

Results

A total of 20,598,800 reads were generated in both
sequencing runs combined (Library 1: 10,277,200;
Library 2: 10,321,600). After bioinformatic process-
ing (13,012,030 reads remaining) and taxon assignment
12,975,968 reads were identified as belonging to 183 Chi-
ronomidae operational taxonomic units (OTUs, 97% sim-
ilarity; see Additional file 6 for reads belonging to other
taxonomic groups). The alternative approach of using a
5% clustering threshold resulted in 142 OTUs, but will
not be referred to from here on unless specifically men-
tioned. The average sequencing depth was 259 (+67 SD)
and 199 (+£102 SD) reads/specimen for the streambed
and leaf litter, respectively, before standardizing the
reads for further analysis. The number of reads per sam-
ple correlated with the number of specimens per sample
(Spearman’s rho, r,=0.88, p<0.001, n=128). 31.3% of
these reads are from streambed and 68.7% from leaf lit-
ter samples. A total of 35 OTUs (i.e., the most common
OTUs) were analyzed for individual stressor responses
(Tables 1 and 2), of which 14 OTUs were well repre-
sented (i.e., within the chosen read abundance thresh-
old) in both microhabitats, while 10 OTUs were more
exclusive (i.e., the chosen threshold was only met for
one microhabitat) in the streambed and 11 OTUs in the
leaf litter. Eight OTUs of the streambed (33%) and 9 of
the leaf litter (36%) did not respond to the experimental
manipulations. For the remaining OTUs, we observed 14
different response patterns (Tables 1 and 2) across both
microhabitats. When comparing OTUs analyzed for both
microhabitats, 3 OTUs (OTU 3, 7, 11) did not respond
to any treatment combination in either microhabitat, 5
OTUs (OTUs 5, 16, 18, 262, and 466) responded to the
experimental manipulation in one microhabitat but not
the other and the remaining 6 OTUs (OTUs 1, 2, 4, 9, 17,
and 21) showed different response patterns in the respec-
tive microhabitat. OTUs 1 (29.6%), 2 (17.1%), 3 (6%), 4
(5.8%), and 466 (5.1%) were the most abundant OTUs
across both microhabitats accounting for>63% of the
total reads.

Streambed

The community metrics OTU richness and Simpson’s
diversity increased upon fine sediment addition (Table 1,
Fig. 1). The MANOVA revealed that streambed com-
munity composition (24 OTUs) was affected by added
fine sediment and reduced flow velocity. Concordant
with that result, fine sediment had an effect on 12 OTUs
(50%) and flow reduction on 9 OTUs (37.5%), of which
5 OTUs responded to both factors in a double positive

Page 5 of 15

manner (additive effects; e.g., OTU 1, Table 1, Fig. 2). The
effect of added fine sediment was positive for all affected
OTUs except for OTU 16, which decreased in abundance
upon fine sediment addition. All 9 OTUs affected by the
manipulation in flow velocity increased in abundance
when the flow velocity was reduced. It is notable that
7 out of 9 OTUs that responded to the change in flow
velocity were OTUs being more exclusive to the stre-
ambed than the leaf litter. Only one OTU (OTU 4, Fig. 2)
responded to salinity manipulation by increasing with
higher salinity. Positive synergistic interactions between
salinity and sediment (OTU 6), salinity and velocity
(OTU 6, OTU 25) and fine sediment and velocity (OTU
4) were found, i.e., the respective OTUs showed a higher
increase in abundance than expected based on the single
stressor effects. A complex three-way interaction affected
OTU evenness. While reduced flow and fine sediment
addition affected OTU evenness negatively at ambi-
ent salinity and positively at increased salinity, all three
stressors combined had a positive antagonistic effect (i.e.,
less positive than predicted additively; following the ter-
minology by [55]).

Leaf litter

The OTU richness decreased upon flow reduction in the
leaf litter (Table 2, Fig. 1). Manipulation of flow veloc-
ity had an effect on 13 OTUs (52%), which all decreased
upon flow reduction, and concordantly, the MANOVA
revealed that flow velocity had an effect on the com-
munity composition (25 OTUs). The abundance of two
OTUs (OTU 4 and 9) increased with higher salinity,
while the abundance of one OTU (OTU 5) decreased.
Fine sediment affected one OTU (OTU 30) resulting in
a higher abundance upon fine sediment addition. A sin-
gle two-way interaction was observed for OTU 9. OTU
9 decreased in abundance upon flow reduction and fine
sediment addition, but responded in a negative antago-
nistic (i.e., less negative than predicted additively; [55])
way when both stressors where combined. Two com-
plex three-way interactions were observed for OTU 21
and OTU 17. At ambient salinity, OTU 21 decreased in
abundance with reduced flow and added fine sediment,
but increased when both stressors where combined.
At increased salinity, OTU 21 still decreased upon flow
reduction, but increased with added fine sediment and
most notably decreased when all three stressors where
combined. OTU 17 decreased with reduced flow and
added fine sediment, but increased when both stressors
where combined at ambient salinity. These effects were
reversed at increased salinity, i.e, OTU 17 increased
upon flow reduction and fine sediment addition and
decreased when all three stressors were present.
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Taxon name assignment to assign the majority of OTUs to formally described
Based on the available reference sequences on the species with binominal nomenclature with our assign-
Barcode of Life Database (BOLD), it was impossible = ment criteria. For our 35 most common OTUs, 7 OTUs
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matched to reference sequences only at family, 14 OTUs
to genus, and 14 OTUs to species level (see Additional
file 5 for all details). Furthermore, it is notable that the
reference sequences with the best matches for OTU 2
(99.52%), OTU 138 (97.36%), OTU 466 (98.06%), and
OTU 316 (98.32%) all bear the same species name Bril-
lia bifida. The same case was observed for OTU 20 and
29, which best match to reference sequences belonging
to Polypedilum convictum with a match of 99.52 and
100%, respectively. Whereas only one OTU bearing
the name B. bifida was obtained when clustering was
based on a 5% threshold, still, two separate OTUs were
found for P. convictum (99.52% and 100% similarity to
reference sequences, respectively). When statistically
reanalyzed the one B. bifidia, OTU responded the same
way as the individual separate OTUs, i.e., being insensi-
tive to manipulation in the streambed and decreasing
in the leaf litter with reduced flow velocity (ANOVA,
flow velocity, p<0.01; partial #°>=0.251). In addition,
the individual response patterns of both P. convic-
tum OTUs were unaffected by the different clustering
thresholds.

Discussion

Chironomidae richness

Our experiment revealed that the Chironomidae speci-
mens collected from the Felderbach comprised a total
of 183 operational taxonomic units (OTUs). It is not
straightforward to assign species to OTUs given incom-
plete reference databases, because using a fixed threshold
of 3% as used in our study is prone to over split geneti-
cally diverse species into more than one entity. However,
it needs to be emphasized that the high number of OTUs
found in this study originates from only one site in one
stream and one season. Moreover, even when using a
much more conservative OTU clustering threshold of 5%
that has been suggested to be more appropriate for Chi-
ronomidae species delimitation [39], still, 142 OTUs are
found to co-exist in this stream. According to Cranston
[13], a richness of more than 100 chironomid species is
not uncommon, especially in lotic environments, unclear
if the scale of the lotic environment refers to a stream, a
stream and its tributaries, a catchment or just one site
of the stream. Concordantly, a high number of Chirono-
midae species are also documented in the long-term
data from the first-order stream Breitenbach in Ger-
many, where over 100 species were recorded for different
stream sites [72]. A comparison to the number of only
745 Chironomidae species recorded for Germany [62]
suggests either a high number of species that are widely
distributed ecological generalists or, more likely, that very
many chironomid species are still undescribed.
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Comparison of stressor effects on family and OTU level—
taxonomic (in)sufficiency?

On family level, Chironomidae abundance increased
with added fine sediment and reduced flow velocity in
the streambed but decreased upon flow reduction in the
leaf litter (see [5]). In case the concept of taxonomic suf-
ficiency can be applied for this study, the same response
patterns should be detected for the majority of OTUs.
In sharp contrast, analyzing stressor responses at OTU
level revealed not 2 but 15 different stressor response
patterns among only the 35 most common (i.e., with the
highest overall read abundances) OTUs, ranging from (a)
not responding to any experimental manipulation to (b)
being affected by one factor to (c) additive effects, and
(d) even complex interactions. This clearly shows that the
diversity of possible responses to environmental distur-
bance is not reflected on family level and that the concept
of taxonomic sufficiency is insufficient for this study on
Chironomidae. However, despite many insensitive OTUs,
it is notable that from the sensitive OTUs of the stre-
ambed (45.8% for fine sediment, 37.5% for flow velocity),
almost all responded in the same direction as indicated
by the family level response (i.e., increased upon fine sed-
iment addition or flow reduction, respectively). The same
pattern was observed for the leaf litter, where 52% of the
OTUs responded negatively to flow reduction, as indi-
cated by a decrease in abundance on family level. In this
particular case, analyzing abundances on family level was
an indicator that many species or at least high abundant
species within the family were affected by the respective
stressor. However, as this is a case study, it needs to be
validated if this is a general trend or an isolated case. In
this regard, OTU 16 represents a counterexample to the
overall picture as it decreased and not increased upon
fine sediment addition in the streambed. In addition,
OTU-level-based analysis revealed that salinity had an
effect on single OTUs (one in the streambed and three in
the leaf litter) and fine sediment on one OTU in the leaf
litter (OTU 30). Furthermore, analyzing stressor effects
on single chironomid OTUs showed that stressor effects
can be complex and far beyond observable for a pooled
family metric. All these single response patterns go unno-
ticed when the stressor response is analyzed on coarse
taxonomic level. Similar results were observed for the
mayfly genus Deleatidium in New Zealand, where analyz-
ing single OTUs revealed different stressor response pat-
terns for different OTUs, whereas no effect was observed
on genus level [41]. It needs to be highlighted that the 15
different response patterns in this study were observed
for the 35 common OTUs manipulating only three fac-
tors with two factor levels each. Stream ecosystems, how-
ever, can be impacted by a multitude of stressors with a
wide range of respective intensities. Even if profound
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data on how single species respond to different stressors
would be available, which is clearly not the case for many
taxa, multiple stressors can act in surprising ways that
cannot always be predicted based on their single stressor
effects [31, 50]. In this regard, an increase in taxonomic
resolution means a significant increase in information of
how single OTUs respond to environmental changes.

The overall migration from leaf litter to streambed
upon water flow reduction as observed on family level [5]
could not be confirmed on OTU level. Except for OTU 1,
there is no overlap of OTUs decreasing in the leaf litter
and increasing in the streambed upon flow reduction. It
cannot be ultimately excluded that the analysis was insuf-
ficient in detecting a migration of OTUs, but the results
strongly suggest that the stressor pattern on family level
does not reflect the responses of single OTUs.

The concept of taxonomic sufficiency is currently
regarded as a pragmatic trade-off that maximizes the
speed and comparability of taxonomic lists for as little
money as possible at the cost of losing taxonomic reso-
lution. As an example, identifying chironomids to spe-
cies rather than family level can more than double the
identification time when based on morphology [27] and
is associated with a large error. Yet, balancing this trade-
off between speed, cost, and precision becomes obso-
lete when applying DNA-based identification methods.
Hence, with the application of DNA-based methods, the
concept of taxonomic sufficiency that came largely as a
pragmatic compromise has no real application in many
cases anymore if determination can be done with DNA
barcoding. The approach allows for maximum taxonomic
resolution, comes with no or only marginally higher addi-
tional costs [19], and sample processing for metabarcod-
ing at species level is fast.

OTU ecology

The comparison of OTU sequences with the Barcode
of life database (BOLD) suggests that only a very small
fraction of OTUs can be assigned reliably to formally
described species with binominal nomenclature at this
time. Even though this situation will improve in the
future, when more reference sequences are released,
assigning species names to chironomid OTUs will be an
ongoing problem as comparisons with sequence data-
bases might provide contradicting and puzzling results
(as observed for Chironomidae, [7]. It needs to be con-
sidered if studying autecology is sufficient on OTU level
in case a species name cannot be assigned. The potential
of studying ecology on OTU level is maybe best being
demonstrated not by the case, where no species can be
assigned to an OTU, but by the reverse cases of several
OTUs being assigned to the same species. In this study,
the sequences of four OTUs (2, 138, 316, and 466) match
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best to reference sequences on BOLD that all bear the
name Brillia bifida. For other Chironomidae species, a
comparably high species delineation threshold (e.g., for
the genus Tanytarsus; [39]) has been suggested and all
four OTUs here might very well represent B. bifida from
a morphological point of view. Thus, one could treat
these four OTUs as one response variable in the stressor
analysis. While two of the four OTUs (2 and 466) were
only analyzed in the streambed and were both insensi-
tive to the experimental manipulation, all four OTUs in
the leaf litter responded negatively to flow reduction. In
this case, pooling the four OTUs prior to stressor analy-
sis would have delivered the same result, which was con-
firmed by a second statistical analysis based on the 5%
clustering data. In contrast, OTU 20 and OTU 29, which
both correspond to Polypedilum convictum, show a dif-
ferent response to flow reduction in the leaf litter and
pooling these according to a different threshold would
have changed the biological interpretation. While our
study cannot clarify species status of these OTUs, the
data can reveal differences between closely related OTUs.

It might be of insignificance if two molecular entities
represent (a) distinct species, (b) different ‘ecotypes’ or
‘evolutionary significant units’ or (c) separated popula-
tions of which members are still capable of reproduc-
ing with members of the other population. Diversity
and responding to changing environmental conditions
are not limited to distinct species, as also single indi-
viduals with a different genetic setup (intraspecific vari-
ation) can be capable of coping differently with different
environmental conditions. Hence, OTU-based analysis
ideally even down to unique-sequence-based haplo- or
genotypes hold great potential to extend the traditional
morphospecies-based view and should be favored. This
is because the data are compatible with morphospecies
or higher level (genus, family) data but (i) capture also
morphologically cryptic species [41] and (ii) also allow
detecting changes inside species [20]. Based on OTU,
haplo- or genotype data, different fitness values of indi-
vidual ecotypes, sub-species, or populations can be
identified [36, 51], which substantially extends our view
of biotic responses to environmental factors. While it is
possible to use OTUs as entities in ecological studies, it
is of indisputably greater strengths if these OTUs can be
assigned to formally described species. Only by this, the
full available species knowledge can be connected to the
OTU-based analyses. Thus, this should be a clear target
for future integrative molecular ecological studies.

OTU 1—Rheocricotopus fuscipes (Kieffer, 1909)

Most reads were assigned to OTU 1, which represents
Rheocricotopus fuscipes. R. fuscipes is widely distributed
in Europe [62] and can occur in densities of more than
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8.000 larvae/m? [40]. The high read abundance (29.6% of
all reads) suggests that R. fuscipes was also highly abun-
dant in this study. OTU 1 was well represented in both
of the study’s microhabitats, streambed, and leaf litter,
which is in agreement with the described broad range
of microhabitats for R. fuscipes (stones, gravels, plants,
coarse detritus, sandy bottoms; reviewed in [44]). In
contrast to other studies, where R. fuscipes is commonly
found in fast-flowing streams [38, 59], an increase of
OTU 1 was observed upon flow reduction in the stre-
ambed. Despite being common in fast-flowing waters in
Central Europe, the species occurs in numerous habitats
including the littoral zone of lakes, suggesting a prefer-
ence for high oxygen levels rather than high flow rates
[38, 40]. The increase in read abundance for this species
in the streambed might be explained by immigration of
specimens from the leaf litter, where a notable decline
was observed. Possibly, reduced flow velocity resulted in
a decrease in oxygen in the leaf litter forcing specimens
to leave the unfavorable microhabitat.

OTU 2—Brillia bifida (Kieffer, 1909)

OTU 2 corresponds to Brillia bifida. Larvae of B. bifida
are mainly found on decaying leaves [70, 71], which they
are suspected to feed on [12]. This is in agreement with
the high read abundance of OTU 2 found in the leaf lit-
ter microhabitat compared to the streambed. Interest-
ingly enough, B. bifida is never found in high densities
[44], but contributes the second most reads in this study.
This can either be explained by a comparably high bio-
mass of B. bifida and a high primer binding efficiency
compared to other chironomid species in our experiment
(i.e., they overproportionally contribute to the number of
total reads) or poses a contrasting ecological information
to the known literature. The species has been noticed
to be reasonably independent to current velocity [44],
which is only partly in agreement with our results as the
abundance decreased in the leaf litter when flow veloc-
ity was reduced but was unaffected in the streambed.
While OTU 2 did not respond to fine sediment or salinity
manipulation in this experiment, B. bifida is a species to
be found in no or only little polluted water [45], which
highlights the importance of studying the effects of dif-
ferent stressors, as even species sensitive to one stressor
can be insensitive to another and vice versa.

OTU 13—Tvetenia calvescens (Edwards, 1929)

OTU 13 is Tvetenia calvescens with certainty. In our
study, this species was almost exclusively found in the
leaf litter. This stands in contrast to the literature that
describes T. calvescens as being abundant on gravel,
stones, plants, and mosses (reviewed by [44]). These find-
ings indicate that the streambed might have been already

Page 11 of 15

unsuitable as a habitat even without fine sediment addi-
tion. T. calvescens is usually the most common species of
the genus in streams with flow velocities of 0.5-1.0 m/s,
can be found in stretches with slower currents, and is
absent in typical lowland brooks with slower currents
(reviewed by [44] T. calvescens is suspected to be sen-
sitive to low oxygen content [44]. The overall low read
number assigned to T. calvescens in this study indicates
that this species was rare. The low abundance might be
explained by the general low flow velocity (16.5 cm/s)
which is supported by even lower read abundances for
this species for the reduced flow velocity (9.6 cm/s)
treatment.

OTU 28—Prodiamesa olivacea (Meigen, 1818)

OTU 28 corresponds to Prodiamesa olivacea, which can
be easily described in all stages [44], resulting in more
extensive ecological information being available on this
species. Larvae of P. olivacea are bottom inhabitants and
are rarely found on stones or among vegetation [71]. They
can be numerous in organic silt and over-represented in
sand with coarse and fine detritus [70]. The results of this
study are in broad agreement with the aforementioned
findings, as P. olivacea was almost exclusively found in
the streambed and increased further with added fine
sediment. In addition, P. olivacea responded positively to
reduced flow velocity in this study. Even though the lar-
vae are scarce in stagnant water, they are known to thrive
well in stretches with a slow flow when enough decom-
posing material and silt is available [44]. Despite rarely
being found in brackish waters and being classified as
haloxenic (“salinity tolerance class 17; [44, 49, 63]), the
species was not affected by an increase in salinity in this
study, suggesting that it can tolerate a certain increase in
salinity.

OTU 3—Micropsectra pallidula (Meigen, 1830)

OTU 3 corresponds to the M. pallidula, which is difficult
or impossible to identify at larval stage [52]. No extensive
ecological information is available on this species. How-
ever, it is known to inhabit oligotrophic lakes and to be
common in silt of rivers in Central Europe [26, 52]. Many
Micropsectra larvae are oxygen-demanding, rheophil-
ous species, but some species, i.e., M. atrofasciata (Kief-
fer, 1911) can tolerate a wide range of substrates, current
velocities, and even some shifts in salinity [26, 49], which
is probably also true for M. pallidula that did not respond
to any experimental manipulations in this study. In this
case, DNA-based identification made it possible to gather
these autecological information, which would have oth-
erwise not been accessible.
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Evidence for indirect effects

It was beyond the scope of this study to discuss the
stressor response of every single OTU. It would also not
have been possible, because only few OTUs can be reli-
ably assigned to species and partly because there is a
lack of ecological information. However, it is very likely
that the applied stressors had an indirect effect on most
chironomid OTUs rather than a direct physiological
effect. The results of Beermann et al. [5] showed that
many Ephemeroptera, Plecoptera, and Trichoptera taxa
decrease in abundance upon added fine sediment and
reduced flow velocity. Since many chironomids have a
higher tolerance for more extreme conditions and the
competition decreases with the applied stressors, they
are likely increasing in abundance. A further indirect eco-
logical effect might be due to the experimental manipula-
tion affecting the microbial community. Microbes, i.e.,
bacteria and fungi, are the nutritional basis for many
invertebrates either directly as food or indirectly as many
invertebrates rely on microbial processes like decomposi-
tion of leaf litter. This highlights the need to extend mul-
tiple stressor analyses as done here to microbial taxa to
understand community responses to multiple stressors
and identify the relevance of indirect ecological effects.

Limitations and outlook

One of the biggest limitations of using DNA meta-
barcoding for multiple stressor research is that read
abundances do not reflect species abundance, but are
influenced by species biomass, mitochondrial copy
numbers, and primer efficiency. Exact abundances are
not being picked up especially for multicellular organ-
isms [15]. Therefore, stressor analyses, as conducted
here, do not allow for quantifying changes in species
abundance upon respective experimental manipula-
tions or anthropogenic stressors. Hence, additional
data on species and life-stage biomass would be ben-
eficial for metabarcoding studies to approximate spe-
cies abundance. Furthermore, the options of PCR-free
methods such as mitochondrial metagenomics [10]
might greatly improve biomass and abundance estima-
tions, but need to be studied further as there is scarce
information on factors that influence the number of
mitochondria per unit of biomass (season, life stage,
active versus inactive species). The application of spe-
cific strategies to enrich mitochondria in metagenomic
studies [42] can be helpful in principle, yet challenges
may arise, because specimens have to be processed
immediately and cannot be stored prior to laboratory
processing. In any case, it needs to be considered if
the benefit of taxonomic resolution and being able to
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analyze single OTUs outweighs the disadvantage of
not having exact abundances, which will be greatest
for taxa that are small, highly abundant, have a difficult
morphology or for which there is a lack of experts such
as Chironomidae, Acari, Nematoda and Oligochaeta.

Another limitation of using DNA metabarcoding for
analyzing the effects of environmental disturbances
to species is that the molecular method does not pro-
vide any information on the life stage of the detected
species. However, different responses to stressors
for the same OTUs might be observed, when differ-
ent life stages are investigated (e.g., Kefford et al.[35]),
that might be visually recognized when identification
is based on morphology. Furthermore, different life
stages are always encountered when field experiments
are conducted in different seasons, but are rarely dis-
tinguished. For biomonitoring on the other hand this
should be a minor problem, as sampling is conducted
at the same time of the year annually in many biomoni-
toring programs (e.g., the Water Framework Directive,
WED [23], Europe).

Pinder [56] stated for Chironomidae that “specific
identification may not [..] be justified for routine moni-
toring purposes, at least within the limitations imposed
by the present state of knowledge regarding the eco-
logical preferences and tolerances of most species.”
However, chironomids have already been shown to be
of value for freshwater biomonitoring [48, 61]. Data as
generated here and elsewhere [2] have the potential to
greatly improve studying autecology of species, as it is
not hindered by taxonomic impediment. With a more
profound understanding of single species ecology, taxa
that are widely neglected or only used on a superficial
taxonomic level for biomonitoring might be utilized as
bioindicators. With the variety of stressor response pat-
terns found here, this study adds further support that
Chironomidae specimens should not be treated as one
taxon in biomonitoring programs and stressor research.

Conclusion

With more than 180 OTUs, we revealed a very high
chironomid diversity with DNA metabarcoding in a
multiple stressor experiment conducted at a single low
mountain stream in Germany. The multiple stressor
responses at OTU-level, and not only at family level
as traditionally done, demonstrate the many and very
different response patterns for individual chironomid
OTUs (15 response patterns for the 35 most abun-
dant OTUs). Thus, our study highlights the power of
increased taxonomic resolution and adds ecological
information made accessible by metabarcoding.
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