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ABSTRACT
The biodiversity of freshwater ecosystems globally is facing severe threats due to various anthropogenic stressors, such as habitat 
degradation, introduction of invasive species, and pollution. Assessing the effects of human- induced environmental stressors on 
population and community persistence requires accurate biodiversity estimates. While environmental DNA (eDNA) metabar-
coding has emerged as a promising tool, its effectiveness in capturing rapid biodiversity responses to acute stressors across levels 
of biological organization (community, population, and intra- specific levels) remains to be investigated. In this study, we tested 
the efficacy of eDNA metabarcoding in assessing rapid changes in aquatic zooplankton and insect communities by conducting 
a two- month mesocosm experiment with pulses of glyphosate- based herbicide under contrasting nutrient levels (mesotrophic 
and eutrophic). We examined the effects of treatments on community assemblages, family richness, and intraspecific diversity, 
and compared our findings with those obtained through a microscopy approach. Metabarcoding revealed partially congruent 
ecological findings with microscopy, indicating its potential in assessing rapid community changes. The herbicide induced shifts 
in community composition and differentially impacted zooplankton and insect family richness (increase in insects, and decrease 
in crustaceans and rotifers), suggesting a gradient of tolerance to the herbicide among taxa and potential top- down regulation 
by insect larvae that may counteract the advantage gained by herbicide- tolerant zooplankton. Finally, we showed that nutrient 
enrichment exacerbated the negative effects of the herbicide on intraspecific diversity, highlighting concerns about genetic ero-
sion. Our findings underscore the complexity of responses to herbicide and nutrient enrichment in freshwater ecosystems. We 
conclude that eDNA metabarcoding can not only be used to estimate rapid changes in invertebrate communities but also pro-
vides additional value by offering a broader perspective on diversity dynamics and potential cascading effects at different scales 
of biological organization.
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1   |   Introduction

Preserving biodiversity is essential to ensure the continued 
functioning of ecosystems. The implementation of large- scale 
conservation programs often relies on ecological assessments 
providing reliable estimates of spatio- temporal biodiversity 
changes (Larigauderie et al. 2012; Thomsen and Willerslev 2015). 
Traditionally, biodiversity data have been acquired by morpho-
logical characterization of captured organisms (e.g., malaise 
trap, seining, various net types). However, such approaches can 
be relatively time- consuming, labor- intensive, and more impor-
tantly it can be challenging to capture or distinguish between 
cryptic species or life stages (e.g., larvae) of closely related spe-
cies (Thomsen and Willerslev 2015; Darling and Mahon 2011). 
Moreover, anthropogenic activities are causing declines not only 
in the numbers and abundance of species but also in the genetic 
diversity of populations within species (International Union of 
Conservation of Nature 2015; Ceballos, Ehrlich, and Dirzo 2017; 
Des Roches et al. 2021), which has both ecological and evolu-
tionary significance at the community and ecosystem levels 
(Hughes et al. 2008).

New rapid and reliable biodiversity assessments able to detect and 
track diversity at different scales (e.g., genetic, species, commu-
nity) are crucial, especially in freshwater environments where 
diversity is declining faster than in terrestrial or marine eco-
systems (Grooten and Almond 2018; Pimm et al. 2014; Marques 
et  al.  2019). The advent of molecular methods has resulted in 
important new genetic tools for species identification and as-
sessment of genetic diversity (Hoffmann and Willi 2008; Vacher 
et al. 2016; Bohan et al. 2017; Valdez- Moreno et al. 2019). The ap-
plication of metabarcoding to environmental DNA (eDNA), the 
DNA shed into the environment by organisms, is particularly 
promising (Gibson et al. 2014; Barnes and Turner 2016; Carraro 
et al. 2018; Holman et al. 2018; Pont et al. 2018; Valdez- Moreno 
et  al.  2019; Sales et  al.  2021). Several studies have compared 
metabarcoding with morphological assessments of aquatic in-
vertebrates under natural conditions (Lobo et  al.  2017; Cahill 
et al. 2018; Leasi et al. 2018; Serrana et al. 2019; Sun et al. 2019; 
Emmons et al. 2023). However, only a few have tested its abil-
ity to capture rapid biodiversity changes in response to acute 
environmental change within short- time scales; in most cases, 
metabarcoding recovered more taxa than traditional methods 
and detected overall similar responses to various environmental 
stresses (Frontalini et al. 2018; Sun et al. 2019; Chen et al. 2023).

Significant efforts have been devoted to reducing the occur-
rence of both false positives (detection of taxa when not present) 
and false negatives (absence of detection of taxa when present) 
(Cowart et  al.  2015) in metabarcoding data by minimizing 
PCR and sequencing artifacts (e.g., erroneous DNA sequences 
produced by DNA amplification and sequencing), and by the 
continuous improvement of bioinformatic tools (e.g., Callahan 
et al. 2016; Edgar 2016). While it can be challenging to estimate 
the rates of false positive or false negative in metabarcoding data-
sets, strict protocols can keep these rates relatively low. Current 
practices include using negative and positive controls, optimiz-
ing primer choice and PCR conditions (e.g., increasing the PCR 
extension time can reduce chimera formation; Qiu et al. 2001), 
denoising the data (e.g., OTUs and ASVs), and using filtering 
thresholds based on a minimum read count threshold and/or 

based on reads in the negative controls. While eDNA metabar-
coding is well established for species and community surveys, 
refined bioinformatics tools have only recently allowed the first 
eDNA metabarcoding studies on genetic diversity at the intra- 
population level (Sigsgaard et al. 2016; Tsuji et al. 2018; Adams 
et al. 2019; Turon et al. 2019; Antich et al. 2023; Thomasdotter 
et al. 2023). For example, Turon et al. (2019) successfully devel-
oped a two- step cleaning approach (denoising step and minimal 
abundance filtering) of sequences obtained with metabarcoding 
from marine water samples for phylogeographic inferences. A 
reduction in the levels of genetic diversity or an alteration of ge-
netic structure frequently precedes population bottlenecks and 
the eventual extirpation of populations (Wiens 2016; Ceballos, 
Ehrlich, and Dirzo 2017), and morphological assessments may 
fail to provide accurate information on the underlying levels 
of population genetic diversity. Using eDNA metabarcoding at 
the intra- population level opens new opportunities to assess 
simultaneously intraspecific genetic diversity for hundreds of 
individuals and species. This is particularly useful in the con-
text of important and rapid changes in ecosystem structure 
and functions, such as those induced by biological invasion. 
For example, Marshall and Stepien (2019) were able to charac-
terize dreissenid mussel community composition, along with 
relative abundance and intraspecific population- level diversity 
from two concurrent invasions by quagga and zebra mussels in 
North America.

Glyphosate- based herbicides (GBH; i.e., herbicides in which 
glyphosate is the primary active ingredient) are currently the 
most heavily applied herbicides in modern agriculture and 
urban weed control worldwide, with a 100- fold increase in 
usage over the past 50 years (Myers et al. 2016, 2022). The de-
tection of glyphosate in natural environments has raised con-
cerns about its toxicity on non- target organisms (Anderson 
et al. 2002; Anderson 2005; Byer et al. 2008; Struger et al. 2008; 
Gill et al. 2018), including in aquatic ecosystems that are con-
taminated through spray drift, runoff and leaching from agri-
cultural or urban sites (Relyea 2005; Kolpin et al. 2006; Tsui and 
Chu 2008; Annett, Habibi, and Hontela 2014). The biodegrada-
tion of glyphosate releases compounds, such as aminomethyl 
phosphonic acid (AMPA) and sarcosine, whose degradation 
leads to the release of bioavailable phosphorus (P) in the en-
vironment (reviewed in Hébert, Fugère, and Gonzalez  2019). 
Therefore, GBHs can be detrimental due to their toxicity and 
contribution to nutrient enrichment (“fertilizing effect”; Vera 
et al. 2012; Fugère et al. 2020; Hébert et al. 2021), which can ul-
timately lead to a cascade of negative ecological consequences 
on freshwater ecosystem structure and dynamics (e.g., harm-
ful algal blooms, oxygen depletion) (Vera et al. 2010; reviewed 
in Lozano and Pizarro  2024). On the other hand, the toxic 
effects of GBHs on certain species may be buffered by natu-
ral or pollution- induced tolerance in primary and secondary 
consumers (Halstead et al. 2014; Hébert et al. 2021). The fer-
tilizing effect of glyphosate is greatest in low- nutrient systems 
(presumably P- limited) (Fugère et al. 2020), but already eutro-
phic ecosystems can negatively influence the biodegradation of 
glyphosate (Carles et al. 2019).

In this study, we used eDNA to assess the effect of a glyphosate- 
based herbicide and nutrient enrichment on zooplankton and 
aquatic insect (i) family richness, (ii) community composition, 
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and (iii) haplotype richness. To do so, we conducted a 2- month 
mesocosm experiment with three pulse applications of acute 
doses of herbicide under mesotrophic and eutrophic nutrient 
conditions (Fugère et  al.  2020; Hébert et  al.  2021; Barbosa da 
Costa et al. 2021, 2022). We compared our findings with those 
obtained with a microscopy approach in the same mesocosm ex-
periment (Hébert et al. 2021). We predicted that: (i) richness and 
community composition will be negatively influenced by the 
herbicide and nutrients, (ii) the variation in haplotype richness 
will be positively correlated to population size but negatively 
correlated to herbicide and nutrient levels, and (iii) ecological 
findings associated with richness and community assemblages 
obtained with metabarcoding will agree with those obtained 
with microscopy.

2   |   Methods

2.1   |   Experimental Design

The experiment was conducted in 2016 at the aquatic meso-
cosm facility (Large experimental array of ponds, LEAP) of 
McGill University's Gault Nature Reserve (Québec, Canada) 
(see details in Fugère et al. 2020; Hébert et al. 2021; Barbosa 
da Costa et  al.  2021; Barbosa da Costa et  al.  2022). Each 
Rubbermaid plastic tank (hereafter referred to as mesocosm) 
was filled with ~1000 L of water from adjacent Lake Hertel. 
The experiment lasted 8 weeks starting from August 17, 2016 
(day 0) to October 12, 2016 (day 56; Figure 1A), and involved 
a two- level nutrient press treatment (mesotrophic: 15 μg/L 
phosphorus, and eutrophic: 60 μg/L phosphorus) crossed with 
a two- level glyphosate- based herbicide (GBH) treatment (0.3 
and 15 mg/L; Barbosa da Costa et  al.  2021) applied in phase 
I at both day 6 and 34, and one pulse at 40 mg/L applied at 

day 43 in phase II (Figure 1). The trophic state (nutrient) was 
maintained with bi- weekly applications of nitrogen and phos-
phorus (N:P molar ratio of 33, similar to Lake Hertel; Fugère 
et al. 2020). The GBH concentrations above refer to the active 
ingredient glyphosate (standardized to acid equivalents) in 
Roundup Super Concentrate Grass and Weed Control (PCPA 
Registration [Reg.] No. 22759), registered to Monsanto Canada 
Inc. at the time of the experiment. Note that concentrations of 
the active ingredient, glyphosate, were used as a proxy of the 
herbicide toxicity. However, because commercial formulations 
of GBHs contain multiple molecules, including surfactants 
that may be more toxic than the active ingredient (reviewed in 
Mesnage and Antoniou 2018), the effects of the herbicide treat-
ment cannot be attributed to a single ingredient (i.e., glypho-
sate). Glyphosate quantification was performed immediately 
after applying the first GBH pulse at day 6, then at days 14, 29, 
and 34 (after the second pulse), and 44 (the day after the pulse 
at 40 mg/L): 1 L water samples were acidified to a pH < 3 with 
sulfuric acid, and frozen at −20°C until measurement with 
liquid chromatography heated electrospray ionization tandem 
mass spectrometry (Accela 600- Orbitrap LTQ XL, Thermo 
Scientific, Waltham, MA, USA). As glyphosate degradation 
was very low, a constant concentration between measurements 
was assumed (Fugère et  al.  2020). Our sample collection fo-
cused on eight mesocosms: four controls (two mesotrophic 
replicates, and two eutrophic replicates) and four treatments 
(mesotrophic 0.3 mg/L herbicide MMH, mesotrophic 15 mg/L 
herbicide MHH, eutrophic 0.3 mg/L herbicide EMH, and eu-
trophic 15 mg/L herbicide EHH) (Figure 1B). Two of the con-
trols did not receive any herbicide through the experiment (MC 
and EC, Figure 1B), while the two other controls received the 
40 mg/L pulse in phase II (MCP and ECP, Figure 1B). For more 
details on the experimental design, treatments, and methods, 
see Fugère et al. (2020) and Hébert et al. (2021).

FIGURE 1    |    Schematic representation of (A) the timeline and (B) the experimental design. (A) Black circles represent sampling dates (0, 6, 14, 29, 
34, 42, 44, 48 and 56), the triangles in the left box represent the “middle” (0.3 mg/L) and “high” (15 mg/L) concentration pulses of the glyphosate- 
based herbicide gradient (0–0.3–15 mg/L; Barbosa da Costa et al. 2021) applied in phase I at days 6 and 34, and the darker triangle in the right box 
represents the last pulse (40 mg/L) applied in phase II at day 43. (B) Mesotrophic (15 μg TP/L) mesocosms are represented by circles and eutrophic 
(60 μg TP/L) mesocosms by squares. The number of herbicide doses is indicated by the triangles, as well as the target concentration of active ingredient 
(glyphosate) as a proxy of herbicide toxicity. Empty circles and squares represent control mesocosms (i.e., free of herbicide).
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2.2   |   Sampling and Extraction of eDNA

We used 35- cm- long integrated samplers (2.5- cm- diameter PVC 
tubing) to collect surface water samples in five random loca-
tions per mesocosm and combined them in 1 L Nalgene bottles 
(Barbosa da Costa et al. 2021). This was repeated on nine sam-
pling dates (days 0, 6, 14, 29, 34, 42, 44, 48, and 56). PVC tub-
ing and bottles were cleaned between each sampling occasion 
(rinsed three times with tap water and triple- washing with me-
socosm water before sampling). All mesocosms had dedicated 
samplers and bottles to prevent cross- contamination. A total 
of 250 mL of each combined water sample was filtered on- site 
using 0.22- μm- pore- size Millipore hydrophilic polyethersulfone 
membranes (47 mm in diameter; Sigma- Aldrich, St. Louis, USA) 
for a total of 72 samples (8 mesocosms × 9 time points). All filters 
were stored at −80°C until extraction.

Extractions of eDNA were conducted using the PowerWater 
(MoBio) extraction kit as described in Barbosa da Costa 
et al. (2021). Two blank extractions were included (i.e., only re-
agents and no filter) to monitor for potential contamination. All 
DNA extracts were quantified using NanoDrop microvolume 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and diluted to a concentration of 2.5 ng/μL using ultra-
pure water.

2.3   |   Extraction of eDNA and Library Preparation

Libraries were prepared following the two- step PCR protocol 
“16S Metagenomic Sequencing Library Preparation” (Illumina 
Inc.) with a few modifications. Each DNA extract, extraction 
blank, PCR blank, and positive control (mock communities a and 
b of 10 and 27 species, respectively; Table S1) was PCR amplified 
five times using the primers in Leray et al. (2013): mlCOIintF (5′- 
GGWACWGGWTGAACWGTWTAYCCYCC- 3′) and HCO2198 
(5′- TAAACTTCAGGGTGACCAAAAAATCA- 3′). The Leray 
primer set targets a 313 bp fragment within the Folmer region 
(Folmer et al. 1994) of the Cytochrome c oxidase subunit I (COI) 
gene and has been widely used for invertebrate metabarcoding 
(e.g., Harper et al. 2021; Seymour et al. 2021). The COI gene has 
been the marker of choice in population genetics and phylogeo-
graphic studies because it discriminates among closely related 
species as well as intraspecific information and has an exten-
sive database for arthropods (Hebert, Ratnasingham, and De 
Waard  2003; Elbrecht et  al.  2019; Hajibabaei et  al.  2019). The 
first PCRs were conducted in five replicates, each consisting 
of a total volume of 12.5 μL:2 μL of forward and 2 μL of reverse 
primers (final concentration: 0.2 μM), 7.5 μL of 2X KAPA HiFi 
HotStart ReadyMix (KAPA Biosystems Inc., USA), and 1 μL of 
diluted DNA extract. The cycling conditions were as described 
in Leray et al.  (2013): 16 initial cycles (denaturation for 10 s at 
95°C, annealing for 30 s at 62°C (−1°C per cycle), and exten-
sion for 60 s at 72°C), followed by 25 cycles at 46°C annealing 
temperature. We also included three PCR- negative controls. 
Amplification success was assessed on a 1% agarose gel elec-
trophoresis using SYBR Safe DNA Gel Stain (Invitrogen). The 
products of the five PCR replicates were then pooled and pu-
rified using ultrapure beads (AMPure XP beads) with 0.875× 
ratio according to the manufacturer's protocol (in 20 μL of DNA 
solution). The second PCRs were performed using the Illumina 

Nextera XT Index kit (24- index, V3) in 25 μL reaction volume 
containing 2.5 μL of unique pairs of Illumina Nextera tags per 
sample, 2.5 μL of cleaned PCR1 products, 12.5 μL of 2× KAPA 
HiFi HotStart ReadyMix (KAPA Biosystems Inc., USA), and 
5 μL of ddH20. PCR cycling conditions included 3 min at 95°C, 
followed by eight cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 
30 s, and a final extension of 5 min at 72°C. The final clean- up 
was done using the same protocol as described before but with 
a starting volume of 25 μL. After quantification following the 
manufacturer's instructions (Agilent Technologies Bioanalyzer, 
DNA 1000 kit), the samples were normalized to the lowest ob-
served concentration (12.5 ng/μL) and pooled in a final library. 
The library was sent to the Genome Quebec Innovation Center 
facility (Montreal, Quebec, Canada) for quality check and pair- 
end sequencing in one run on an Illumina MiSeq platform using 
a 500- cycle Reagent v2 kit (pair- end 250 bp sequencing). The se-
quencing run included all negative controls, mock communities, 
and water samples.

2.4   |   Bioinformatics and Statistical Analyses

The bioinformatics pipeline consisted of demultiplexing, quality 
filtering, trimming raw reads based on quality score, and assign-
ing taxonomy (Figure S1). The DADA2 R package version 1.12.1 
(Callahan et  al.  2016) was used to identify and trim the low- 
quality end positions. Then, Cutadapt version 1.18 (Martin 2011) 
was used to trim the adapters and primers. Sequences were 
denoised with the amplicon sequence variant (ASV) method 
in DADA2 which corrects erroneous sequencing from amplifi-
cation and sequencing errors. The following parameters of the 
bioinformatic pipeline were selected after optimization on two 
mock communities (see Tables S1 and S2, and Appendix S1 for 
the species list and optimization process): a quality filtering 
score of 23, a maximum number of “expected errors” allowed 
in forward and reverse reads of four and five respectively, and a 
minimum abundance of an ASV of four sequences.

ASV were assigned at the family level for the three following 
main reasons: (1) to minimize the impact of taxonomic errors 
which are more prevalent at finer taxonomic levels, especially 
with microscopic groups such as rotifers and microcrusta-
ceans, (2) to increase our statistical power for analyses, and (3) 
because our primary focus was to understand the herbicide 
effect on important taxonomic groups (e.g., crustaceans, roti-
fers, and insects) allowing us to capture broader ecological im-
pacts. We used blastn against Eukaryota COI sequences from 
NCBI GenBank (Altschul et  al.  1990; Camacho et  al.  2009). 
The best BLAST hit (family level) was identified with > 90% 
identity, e- value 0.01, and a minimum query coverage > 95% 
(relaxed threshold, Brown et  al.  2015; Thibodeau, Walsh, and 
Beisner 2015). ASVs associated with non- zooplankton families, 
such as microalgae, protists, fungi, fish, mammals, sessile or-
ganisms (e.g., polyps), and terrestrial invertebrates (no aquatic/
semi- aquatic life stage) were removed (Table S3). Other contam-
inations such as sequences belonging to the mock communities 
or species recovered in the controls were also removed.

To investigate genetic diversity within species, the taxonomic 
assignment at the family level was followed by assignments 
at the species level using BASTA (Basic Sequence Taxonomy 
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Annotation; Kahlke and Ralph 2019) which assigns taxonomies 
to sequences based on the Last Common Ancestor (LCA; Wood 
and Salzberg 2014). The following parameter values were used: 
an e- value threshold of 1E- 80, a minimum number of hits of 1, 
and a minimum percentage of hits of 60% to assign taxonomies 
to sequences based on the LCA of the best BLAST hit identified 
with > 90% identity.

2.5   |   Family Richness

All analyses were conducted in R 4.3.1 (R Core Team 2019). A 
binomial generalized mixed effects model (glmer function of 
the package “lme4”; Bates et al. 2014) with a logistic link func-
tion and mesocosm as a random effect was performed to assess 
whether metabarcoding detections (1: detected and 0: not de-
tected, i.e., zero read) of the most frequent families (Cyclopidae 
and Chydoridae) as assessed with microscopy, were related to 
their abundance (number of individuals/L; zooplankton micro-
scopic data from Hébert et al. 2021), time (number of days since 
the experiment started), nutrient level (mesotrophic and eutro-
phic), and (ln + 1) transformed target concentration of the active 
ingredient (glyphosate, used as a proxy of herbicide toxicity).

We tested the correlation between the standardized (z- score) 
numbers of families obtained with microscopy (data from 
Hébert et al. 2021) and metabarcoding using a non- parametric 
Kendall's Tau test (cor.test function in R). Finally, linear mixed 
models (lmer function; package “lme4”) were performed to in-
vestigate the effect of time, nutrient level, (ln + 1) transformed 
target concentration of the active ingredient (glyphosate) (i.e., a 
proxy of herbicide toxicity) and their interactions, on the num-
ber of detected families (rotifers, crustaceans, and insects). The 
mesocosm ID was set as a random effect. Temporal autocorrela-
tion in the residuals was controlled using the corAR1 function. 
A top- down strategy was applied for model selection (gradual 
removal of non- significant interactions from a “beyond opti-
mal” model; Zuur et al. 2009). The residual normality and ho-
mogeneity of variance of the models were graphically inspected. 
The model effects were visualized using the allEffects function 
in the “effects” R package (Fox and Weisberg  2019). Pairwise 
comparison between time points was performed using the pairs 
function of the emmeans package (Lenth  2024) (by default 
Tukey adjustment of p- values for multiple tests). The marginal 
R2 (proportion of variance explained by fixed factors) and con-
ditional R2 (proportion of variance explained by both fixed and 
random factors) of the optimal model were estimated using the 
r.squaredGLMM() of the MuMIn package (Bartoń 2024).

2.6   |   Community Composition

First, the dynamic patterns of the relative read abundance 
among and within each taxonomic group (rotifers, crustaceans, 
and insects) were visualized with barplots. Then, community 
compositional changes during each phase were visualized 
using Bray–Curtis dissimilarity index and non- metric multidi-
mensional scaling (NMDS) with the metaMDS function in the 
“vegan” R package (Oksanen et  al.  2022) (distance = “bray”, 
try = 20, trymax = 5000, autotransform = FALSE). NMDS anal-
yses were conducted following the Hellinger transformation 

on the abundance data (decostand function). The quality of the 
NMDS solution was evaluated based on the stress value (stress 
values < 0.05: excellent quality; stress values > 0.2: poor quality; 
Kruskal 1964). The environmental variable (ln + 1) transformed 
target concentration of the active ingredient (glyphosate) (i.e., 
used as a proxy of herbicide toxicity) was fitted to the NMDS using 
the envfit function (999 permutations) and plotted to the ordina-
tion plot only if found significant (p < 0.05). Permutational mul-
tivariate analysis of variance (perMANOVA; 999 permutations) 
was performed using the adonis2 function to investigate whether 
herbicide and nutrient treatment levels (Figure 1), their interac-
tions, and time influenced community composition. Pairwise 
comparisons were performed using the pairwise.perm.manova 
function (permutations = 9999, FDR p- value adjustment for mul-
tiple tests) in the R package “RVAideMemoire” (Herve  2023). 
Homogeneity of variance was verified using the betadisper and 
permutest (permutations = 999) functions. Finally, an indicator 
species analysis was performed to identify families' preferences 
in the mesocosm treatments using the multipatt function (999 
permutations, func = “r.g”) in the R package “indicspecies” (De 
Cáceres and Legendre 2009).

Community compositional changes over time were also illus-
trated with principal response curves (PRC), which contrast a 
reference (control) to treated samples (herbicide treatment ef-
fect) on the left Y axis and the contribution of each family to com-
positional changes on the right Y axis (taxon score). Data were 
Hellinger transformed as described above, and PRCs were built 
using the prc function of the vegan package: for each nutrient 
level (mesotrophic and eutrophic) we contrasted the mesocosms 
(CP, MH, and HH) to the control “C” which never received any 
herbicide treatment across the experiment.

2.7   |   Intraspecific Genetic Diversity Analyses

Intraspecific genetic diversity was estimated as the number of 
unique ASV sequences assigned to a particular species, for those 
that were consistently detected across libraries using BASTA. 
The non- parametric Kendall's tau test was used to investigate 
the correlation between haplotype richness (z- transformed 
number of ASV sequences) of selected rotifer, insect, and crus-
tacean species and their respective abundance (z- transformed 
number of individuals estimated with microscopy assessments, 
data from Hébert et  al.  2021). Finally, LMMs were performed 
to evaluate the effect of time, (ln + 1) transformed active gly-
phosate concentrations, nutrient levels, and their interaction 
on haplotype richness (ln + 1 transformed number of ASV se-
quences) of the selected species during phase I. Mesocosm iden-
tity was set as a random effect. Temporal autocorrelation in the 
residuals was controlled using the corAR1 function. A top- down 
strategy was performed for model selection (Zuur et al. 2009). 
The residual normality and homogeneity of variance of the mod-
els were visually inspected. The model effects were visualized 
using the allEffects function in the “effects” R package (Fox and 
Weisberg 2019). Pairwise comparison between time points was 
performed using the pairs function of the emmeans package 
(Lenth 2024) (by default Tukey adjustment of p- values for mul-
tiple tests). The marginal R2 (proportion of variance explained 
by fixed factors) and conditional R2 (proportion of variance ex-
plained by both fixed and random factors) of the optimal model 
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were estimated using the r.squaredGLMM() of the MuMIn 
package (Bartoń 2024).

3   |   Results

3.1   |   Relationship Between Metabarcoding 
and Microscopy Data

The number of raw reads in the treated mesocosms ranged be-
tween 23,406 and 279,643, and between 16,729 and 234,555 after 
the last filtering step in DADA2 (Table S4). We excluded 62 non- 
zooplankton families and terrestrial invertebrates that do not 
have any aquatic stage in their life cycle (Table  S3). The final 
dataset (1152 reads with between one and 24 reads per sample, 
and between one and ten families per sample) comprised four 
families of crustaceans (Cladocera: Chydoridae, Macrothricidae, 
Sididae, and Copepoda: Cyclopidae), four families of Rotifera 
(Monogononta: Asplanchnidae, Brachionidae, Lecanidae, and 
Synchaetidae), and eight families of insects (Diptera: Baetidae, 
Chaoboridae, Chironomidae, Culicidae, Limoniidae, Sciaridae; 
and Odonata: Lestideae, and Libellulidae). While Macrothricidae 
was only detected with metabarcoding, five zooplankton 
families recovered by microscopy were not recovered by me-
tabarcoding (crustaceans: Daphniidae, rotifers: Conochilidae, 
Testudinellidae, Trochosphaeridae, and Trichocercidae) (Hébert 
et al. 2021).

The binomial GLMMs revealed that the detection success of the 
crustacean Chydoridae and Cyclopidae using metabarcoding 
was not associated with their abundance (number of individu-
als counted under microscopy) (Chydoridae: estimate = 0.283, 
SE = 0.383, p = 0.461, and Cyclopidae: estimate = −0.160, 
SE = 0.596, p = 0.788; Table S5). However, the detection success of 

Cyclopidae was higher under eutrophic conditions (Mesotrophic 
estimate = −2.610, SE = 0.960, p = 0.006) and was negatively 
influenced by the glyphosate treatment (estimate = −0.356, 
SE = 0.158, p = 0.025) (Table  S5). We found no effect of any of 
the variables on the detection success of Chydoridae (p > 0.05; 
Table  S5). The number of crustacean families detected with 
metabarcoding was also not correlated with their diversity esti-
mates from microscopy (z = 1.419, p = 0.156, τ = 0.151). However, 
the number of rotifer families detected with metabarcoding was 
positively correlated with their abundance estimates from mi-
croscopy (z = 4.894, p = 9.897e- 07, τ = 0.514).

3.2   |   Family Richness Dynamics

During phase I, we observed an overall stronger and faster re-
sponse to the application of herbicide on the number of zooplank-
ton families in the high herbicide (HH) mesocosms, regardless 
of the nutrient levels (Figure 2). For example, after the first pulse 
of herbicide the crustaceans lost two families in the mesotrophic 
mesocosms treated with 0.3 mg/L herbicide (MMH), while they 
stayed stable for 8 days and then lost one family in the eutrophic 
mesocosm treated with 0.3 mg/L glyphosate (EMH) (Figure 2). 
With a higher concentration of glyphosate (15 mg/L), they lost 
three families in both the mesotrophic mesocosm (MHH) (im-
mediately) and eutrophic mesocosm (EHH) (two families in 
8 days, one additional family in 15 days) (Figure  2). After the 
second pulse, the number of rotifer and crustacean families re-
mained stable in the treated mesocosms (except the loss of one 
family each in MMH, Figure 2), while the number of insect fam-
ilies increased from one (MMH) to three (EHH) families (ex-
cept in EMH where it remained stable at one family, Figure 2). 
These observations were supported by the LMMs which re-
vealed an overall negative effect of herbicide concentration on 

FIGURE 2    |    Dynamics of the estimated number of rotifer (black dot), crustacean (dark gray triangle), and insect (light gray square) families 
through time, obtained with metabarcoding, in each treatment. “C” = Control, “CP” = Control with 40 mg/L pulse at day 43, “MH” = 0.3 mg/L 
herbicide treatment, “HH” = 15 mg/L herbicide treatment. Times 6, 34, and 44 are highlighted by a red bar as the sampling days with first, second 
and third pulse, respectively.
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zooplankton families (crustacean: estimate = −0.177, SE = 0.071, 
p = 0.018; rotifers: estimate = −0.161, SE = 0.049, p = 0.003), 
an overall positive effect on insect families (estimate = 0.084, 
SE = 0.037, p = 0.032), but no effect of nutrient level (p > 0.05; 
Table S6). Rotifer family richness was also higher at days 0 and 
6 than at day 29 (pairwise comparison: estimate0- 29 = 1.574, 
SE0- 29 = 0.372, p- adjust0- 29 = 0.002; estimate6- 29 = 1.340, 
SE6- 29 = 0.380, p- adjust6- 29 = 0.014), while insect family richness 
was higher at day 6 than day 29 (estimate6- 29 = 1.205, SE6- 29 = 0.389, 
p- adjust6- 29 = 0.041) but lower at day 42 than days 29 and 34 
(estimate29- 42 = −1.271, SE29- 42 = 0.390, p- adjust29- 42 = 0.028; 
estimate34- 42 = −1.195, SE34- 42 = 0.353, p- adjust34- 42 = 0.021). 
During phase II, none of the three taxonomic groups were sig-
nificantly influenced by the glyphosate treatment or nutrient 
level (p > 0.05), but time was significant (Table S6): the number 
of rotifer families immediately decreased after the application 
of the 40 mg/L GBH pulse (estimate44- 48 = 1.250, SE44- 48 = 0.313, 
p- adjust44- 48 = 0.004; estimate44- 56 = −1.125, SE44- 56 = 0.367, 
p- adjust44- 56 = 0.021), the number of crustacean families was 
lower only at the end of the experiment (estimate44- 56 = 1.625, 
SE44- 56 = 0.597, p- adjust44- 56 = 0.041) and the number of insect 
families was not influenced by time (p- adjust > 0.05) (Table S6).

3.3   |   Community Composition Dynamics

Rotifers dominated the eutrophic controls (C and CP) almost 
consistently during the whole experiment, while the domi-
nant taxonomic groups in the mesotrophic controls fluctuated 
mostly between crustaceans and rotifers (Figure 3A). The me-
socosms treated with 0.3 mg/L herbicide (MH) were dominated 
by crustacean families during phase I, and by insect families 
after application of the 40 mg/L herbicide pulse. The mesocosms 
treated with 15 mg/L (HH) were dominated by insects, regard-
less of nutrient level and phase of the experiment (Figure 3A). 
We observed variations in the relative number of reads within 
the three groups over time, even in absence of herbicide pulses 
(Figure 3B–D).

Community dissimilarity was influenced by herbicide treat-
ment and nutrient level in both phases of the experiment, the 
interaction time—herbicide treatment in phase I (F = 2.123, 
p = 0.020), and the interaction herbicide—nutrient level in phase 
II (F = 2.794, p = 0.012) (Table S7). We observed a high overlap 
between time points and pairwise differences in community 
composition between time points were non- significant after cor-
rection for multiple tests (p > 0.05, phases I and II) (Table S7). 
We also observed a high overlap between the controls (C and 
CP; Figure 4) and pairwise comparison of herbicide treatments 
confirmed that C and CP showed similar communities through 
the experiment (pphase I = 0.198, pphase II = 0.297) (Table  S7). In 
phase I, the controls (C, CP, and C + CP) were characterized by 
four rotifers families: the Asplanchnidae (Φ = 0.494, p = 0.004), 
Lecanidae (Φ = 0.445, p = 0.050), Synchaetidae (Φ = 0.478, 
p = 0.004), and Brachionidae (Φ = 0.433, p = 0.016), respectively 
(Figure 4A, Table S8). In phase II, C was characterized by both 
Asplanchnidae rotifers (Φ = 0.801, p = 0.001) and Sididae crusta-
ceans (Φ = 0.524, p = 0.034) (Figure 4B, Table S8).

MH and HH mesocosms differed from controls (p < 0.05) and 
among each other (p = 0.0004) in phase I (Figure 4A, Table S7), 

while the only significant difference in phase II was between 
HH and C (p = 0.014) (Table  S7) Figure  4B). In phase I, the 
MH mesocosms were characterized by the Sididae crustacean 
family (Φ = 0.436, p = 0.008), and the HH mesocosms by the 
Chironomidae insect family (Φ = 0.701, p = 0.001) (Figure  4, 
Table S8). In phase II, both MH and HH were characterized by 
Chironomidae (Φ = 0.612, p = 0.018) (Table S8).

Eutrophic level was characterized by both Brachionidae ro-
tifers (Φ = 0.510, p = 0.001) and Cyclopidae crustacean fami-
lies (Φ = 0.409, p = 0.002) in phase I and solely Brachionidae 
(Φ = 0.519, p = 0.011) in phase II, while mesotrophic levels were 
characterized by the Sididae crustacean family (Φ = 0.394, 
p = 0.005) in phase I and Sciaridae insect family (Φ = 0.506, 
p = 0.042) in phase II (Table S8).

The same observations on the effect of herbicide on the com-
position of the communities and family preferences were also 
revealed by the PRCs (Figure S2). HH mesocosms deviated the 
most from C (baseline). In phase I, the first pulse of herbicide 
induced greater deviations from controls than the second pulse. 
In phase II, the herbicide had an effect in all treatments, except 
mesotrophic- HH mesocosms (Figure S2).

3.4   |   Intraspecific Genetic Dynamics

We identified three species of rotifers (Asplanchna sieboldi, 
Euchalnis dilatata, Keratella cochlearis, and Polyarthra sp.; 53 
total haplotypes), two of crustaceans (Chydorus brevilabris and 
Sida crystallina; five total haplotypes), and four species of in-
sect (Callibaetis fluctuans, Cloeon dipterum, Smittia stercoraria, 
and Tanytarsus mendax; 22 total haplotypes) (Figure 5A). The 
Polyarthra genus was included because only one species of the 
genus Polyarthra was identified through microscopy (Hébert 
et al. 2021).

Overall, we observed a lower number of haplotypes in the 
treated mesocosms than in the control mesocosms, regardless of 
the nutrient level (Figure 5B, Figure S3). For example, K. cochle-
aris haplotype richness ranged between 0 and four in the treated 
mesocosms but reached eight haplotypes in most controls (MCP, 
EC, and ECP, Figure S3). Mesotrophic controls showed the high-
est intraspecific genetic variation and were mostly represented by 
rotifer species (Figure 5B). For example, Polyarthra sp. showed 
a peak of haplotype richness (16 haplotypes) in the mesotrophic 
control a week after the first pulse, while in the eutrophic con-
trol variation did not show large fluctuations (Figure S3). The 
lowest number of haplotypes was observed in the mesotrophic 
MH mesocosm (Figure 5B). The highest haplotype proportion 
of crustacean was observed in the mesotrophic MH mesocosm, 
while the highest haplotype proportion of insects was observed 
in the mesotrophic HH mesocosm (Figure 5B).

Haplotype richness in the rotifers K. cochlearis and Polyarthra 
sp. was positively correlated with their abundance estimates 
obtained through microscopy assessments (K. cochlearis: 
z = 4.156, p = 3.238e- 05, τ = 0.548; Polyarthra sp.: t = 5.172, 
p = 2.311e- 07, τ = 0.622). In all treated mesocosms, the num-
ber of Polyarthra sp. haplotypes decreased from the begin-
ning of the experiment, while the number of K. cochlearis 
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haplotypes increased between days 29 and 34 (EMH) and be-
tween day 34 and day 42 (EHH) (Figure  S3). During phase 
I, the haplotype richness of K. cochlearis and Polyarhra sp. 
decreased with increasing herbicide concentrations (K. co-
chlearis estimate = −0.132, SE = 0.035, p = 0.001; Polyarthra 
estimate = −0.093, SE = 0.023, p = 0.0004) (Table  S9), and 
the loss of haplotypes was more severe in eutrophic meso-
cosms than mesotrophic mesocosms for K. cochlearis (esti-
mate = 0.108, SE = 0.053, p = 0.020) (Table S9). We also found 
a significant effect of time on Polyarthra sp. haplotype rich-
ness, with a significant difference between day 0 and days 29 
(estimate0- 29 = 1.047, SE0- 29 = 0.281, p- adjust0- 29 = 0.008), 34 
(estimate0- 34 = 1.117, SE0- 34 = 0.281, p- adjust0- 34 = 0.004) and 
42 (estimate0- 42 = 1.117, SE0- 42 = 0.281, p- adjust0- 42 = 0.004) 
(Table  S9). Finally, none of the variables influenced 

K. cochlearis haplotype richness in phase II (p > 0.05), while 
Polyarthra sp. haplotype richness was influenced by herbi-
cide concentration (estimate = −0.088, SE = 0.029, p = 0.040) 
(Table S9).

4   |   Discussion

4.1   |   Promises and Limitations of the  
Metabarcoding Approach

While metabarcoding recovered a broad range of taxa, some 
zooplankton families that were previously identified with mi-
croscopy in the mesocosms by Hébert et al. (2021) were not re-
covered here (false negative) or were discarded when filtering 

FIGURE 3    |    Relative reads abundance in each treatment (herbicide and nutrient level): (A) among the three groups: Rotifers (black), crustaceans 
(dark gray), and insects (light gray), (B) among crustacean families, (C) among rotifer families, and (D) among insect families. “C” = Control, 
“CP” = Control with 40 mg/L pulse in phase II, “MH” = 0.3 mg/L herbicide treatment, “HH” = 15 mg/L herbicide treatment. Times 6, 34, and 44 are 
the sampling days with first, second and third pulse, respectively.
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the data (e.g., Daphniidae). The detection inconsistencies could 
also result from the small filter pore size as the water samples 
were initially collected for microbial analyses (Barbosa da 
Costa et al. 2021), or missing species in the reference database. 
The latter was mitigated by using the gold standard marker for 
arthropod barcoding (COI) with a relatively good zooplankton 
coverage in Canada (Tournayre et al. 2024), and by working at 
the family level with a relaxed identity threshold. Another ex-
planation could be the many degenerate nucleotides (every two 
bases) in the Leray primer sequences. This high degeneracy 

enables the recovery of a broad range of species from inver-
tebrates to vertebrates, but it also increases the competition 
during PCR amplification, thereby increasing the probabil-
ity of false negatives. While the Leray primers have been de-
signed and mainly used for invertebrate metabarcoding, they 
have also shown affinity toward vertebrates in water samples 
(Leray et al. 2013; Tournayre et al. 2024). Using zooplankton- 
specific primers would likely improve our taxonomic cover-
age, both in number of taxa and number of reads, by reducing 
non- target invertebrate and vertebrate amplification (Leese 

FIGURE 4    |    NMDS biplot representation of community composition in Phase I (top) and Phase II (bottom) based on Bray–Curtis dissimilarity 
(Hellinger transformed data), using metabarcoding. “C” = Control, “CP” = Control with 40 mg/L pulse at day 43, “MH” = 0.3 mg/L herbicide 
treatment, “HH” = 15 mg/L herbicide treatment. The arrow depicts the glyphosate- fitted environmental variable (“ln.gly” = ln + 1 transformed 
glyphosate concentration) significantly correlated to ordination (p < 0.05). The NMDS axes explained 50% of the variation in glyphosate concentration 
(r2 = 0.502, p = 0.001) in phase I and 29% of the variation in glyphosate concentration (r2 = 0.291, p = 0.023) in phase II.
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et al. 2021; Collins et al. 2019). Combining primers pairs, es-
pecially on different genes, would be another valuable alterna-
tive to limit the effect of individual primer bias and therefore 
improves taxa recovery (Zhang et al. 2018; Duarte et al. 2023; 
Song and Liang 2023). The presence of false negatives at cer-
tain time points in our study could also be associated with 
low sequencing depth of the target taxa that led to the under-
estimation of families (Alberdi et al. 2018). However, despite 
these limitations, metabarcoding recovered taxonomic groups 
not easily captured or identified by microscopy (Djurhuus 
et  al.  2018; Frontalini et  al.  2018; Chen et  al.  2023). For ex-
ample, benthic insect larvae are traditionally sampled with 
emergence traps (Davies  1984) or benthic sampling tech-
niques (Malison, Benjamin, and Baxter  2010) and are likely 
missed by water surface sampling which is more appropriate 
for zooplankton. A good performance of metabarcoding in 
identifying insects was also observed in most studies (Ekrem, 
Stur, and Hebert 2010; Silva and Wiedenbrug 2014; Lin, Stur, 
and Ekrem 2018; Sun et al. 2019), which highlights the added 
value of using metabarcoding to efficiently characterize com-
munities with reduced sampling effort.

A common concern with eDNA metabarcoding is that it cannot 
distinguish dead from living organisms (whereas it is relatively 
easy to exclude decayed individuals with microscopy), and it 
can pick up signals from organisms no longer present because of 
the persistence of eDNA in water (Marshall, Vanderploeg, and 
Chaganti  2021). In this study, the mesocosms were stagnant, 
enabling dead zooplankton organisms to quickly sink to the 
bottom, thereby limiting their collection for microscopy assess-
ments (Hébert et al. 2021). However, because of the limited water 
depth, dead organisms at the bottom were still within < 1 m of 
the water surface. Thus, dead and decaying organismal DNA 
in such relatively small and closed experimental systems could 
have been picked up by the metabarcoding approach, poten-
tially increasing false positive detection rates. Moreover, eDNA 
samples were collected a few days apart during the experiment 

which may not be a sufficient time for complete degradation 
of eDNA from previous time points. New approaches such as 
eRNA metabarcoding, would open new opportunities to pro-
vide even more accurate estimate snapshots of aquatic diversity 
at a fine temporal resolution (Cristescu 2019; Greco et al. 2022; 
Giroux et al. 2023).

4.2   |   Effect of Herbicide and Nutrient Enrichment 
on Intra-  and Inter- Specific Diversity

Despite these concerns, the metabarcoding approach showed 
partially congruent results with those obtained using the 
microscopy approach (Hébert et  al.  2021), highlighting the 
ability of metabarcoding to assess rapid community changes. 
We showed that herbicide applications caused a significant 
decrease in both crustacean and rotifer family richness, 
but an increase in insect families (Table  S6). Moreover, the 
communities in the controls were characterized by rotifers 
in both phases, those in the 0.3 mg/L herbicide mesocosms 
(MH) by crustaceans (phase I) and insects (phase II, 40 mg/L 
pulse of herbicide), and those in the 15 mg/L herbicide meso-
cosms (HH) by insects (Figure  3). The dominance of insect 
families in high- herbicide treatments and phase II of the ex-
periment could be explained by their lower susceptibility to 
herbicides than the zooplankton taxa (Folmar, Sanders, and 
Julin  1979; Relyea  2005). Thus, in accordance with the mi-
croscopy study, eDNA metabarcoding suggested a gradient of 
tolerance in rotifer, crustacean, and insects to this herbicide 
(Hébert et al. 2021); with both approaches indicating greater 
sensitivity in rotifers. Additionally, the severe decline of ro-
tifers in high herbicide mesocosms, also observed by Hébert 
et al. (2021), could be due to the transient loss of algae upon 
the first pulse, causing a quick collapse of short- lived rotifers.

We did not find any effect of nutrient level (eutrophic vs. mesotro-
phic) on the number of crustacean, rotifer, and insect families, 

FIGURE 5    |    (A) Species that were reliably identified using the Last Common Ancestor Algorithm (BASTA) and their relative number of haplotypes. 
(B) Total number of haplotypes for rotifers, crustaceans, and insects across ponds (relative estimates at the top right and percentages at the bottom 
right). Mesocosm ponds are coded as MC (mesotrophic control), MCP (mesotrophic control with 40 mg/L pulse at day 43), MMH (mesotrophic with 
0.3 mg/L herbicide pulse), MHH (mesotrophic with 15 mg/L herbicide pulse), EC (eutrophic control), ECP (eutrophic control with 40 mg/L herbicide 
pulse at day 43), EMH (eutrophic with 0.3 mg/L herbicide pulse), and EHH (eutrophic with 15 mg/L herbicide pulse).
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but we did observe an effect on community composition and in-
traspecific diversity. While we can not fully exclude the possibil-
ity of false haplotypes due to sequencing errors (e.g., undetected 
chimera), it is also possible that the full genetic diversity was not 
captured because of variation in biomass, primer bias, loss of 
sequence variants with low abundance, and unoptimized PCR 
conditions for haplotype recovery (Elbrecht et al. 2018; Serrana 
and Watanabe 2023). Moreover, the short amplicon length used 
in eDNA studies, typically under ~400 bp, can lack enough vari-
ation to distinguish closely related species and resolve intra-
specific diversity (Serrana and Watanabe  2023; Thomasdotter 
et al. 2023). However, as predicted, the rotifer K. cochlearis and 
Polyarthra sp. haplotype richness was positively correlated to 
population size (as the number of individuals assessed with mi-
croscopy) and was negatively affected by the herbicide treatment 
(phase I K. cochlearis and phases I and II Polyarthra sp). Genetic 
erosion due to chemical stress represents a factor of concern in 
risk assessment (review in van Straalen and Timmermans 2002). 
Toxicants can affect genetic diversity by increasing mutational 
load, by natural selection on resistance genotypes, by inducing 
bottleneck events, and by altering migration (van Straalen and 
Timmermans  2002). For example, a parallel study by Barbosa 
da Costa et  al.  (2022) with the same mesocosms, showed that 
this herbicide strongly cross- selected for antibiotic resistance in 
natural freshwater bacteria. In our study, nutrient enrichment 
(eutrophic level) exacerbated the effect of active glyphosate on 
haplotype richness of the two rotifer species. Rotifers are dom-
inant components of zooplankton communities, channeling 
basal resources to higher trophic levels while contributing to 
secondary production and nutrient recycling. The few existing 
studies on the chronic effects of pesticides on rotifers revealed 
high sensitivity depending on genotype diversity and experi-
mental conditions (see Moreira et al. 2016). Parallel studies by 
Fugère et al. (2020) and Hébert et al. (2021) with the same me-
socosms, suggested that the herbicide increased algal resources 
perhaps due to the P content of glyphosate and that this fer-
tilizing bottom- up effect can transfer to higher trophic levels 
(i.e., zooplankton); an observation also made in previous stud-
ies (Pérez et al. 2007; Vera et al. 2012). However, by including 
even higher trophic levels (insects), our eDNA metabarcoding 
approach suggested that the advantage of crustacean gained by 
the loss of highly sensitive competitors and/or predator may have 
been counteracted by increased predation from insect larvae 
(top- down regulation; Chang, Sakamoto, and Hanazato  2005; 
Fussmann and Gonzalez 2013; Kovach- Orr and Fussmann 2013; 
Yamamichi and Miner 2015; Bell et al. 2019).

Finally, the two pulses of herbicide during phase I and the pulse 
in phase II showed different effects on zooplankton commu-
nities. For example, the community composition of both MH 
(0.3 mg/L) and HH (15 mg/L) herbicide treatments differed from 
the controls in phase I, while only the HH treatment differed 
from the control (“C” herbicide- free) in phase II. Pre- exposure 
to phase I doses of the herbicide may have represented an advan-
tage for coping with the 40 mg/L pulse, as also observed on phy-
toplankton by Fugère et al. (2020), and zooplankton by Hébert 
et al. (2021). Because commercial formulations of the herbicide 
contain multiple molecules, such as surfactants that can be even 
more toxic than the active ingredient (review in Mesnage and 
Antoniou 2018), the observed effects in our study can not be at-
tributed to a single ingredient (i.e., active glyphosate). Further 

research is required for better risk assessment of commercial 
chemical mixtures and identification of the actual driver(s) of 
the observed effects.

5   |   Conclusion

Metabarcoding assessed biodiversity response to glyphosate- 
based herbicide and nutrient enrichment, from the intraspecific 
genetic diversity up to the community scale and enabled a bet-
ter understanding of their effects along the trophic chain com-
pared with microscopy by recovering more trophic levels with 
limited sampling effort. Further validations, including com-
parison with zooplankton specific primers, are now needed to 
confirm whether metabarcoding could be used for quantitative 
assessments of changes in abundance of zooplankton taxa as 
suggested by the correlations we observed between richness (ob-
tained with metabarcoding) and abundance estimates (obtained 
with morphological assessments) (Serrana et al. 2019; Song and 
Liang 2023). While our samples were initially collected and pro-
cessed for microbial analyses (Barbosa da Costa et al. 2021), we 
were able to detect the main effects of a glyphosate- based her-
bicide on the target communities. Metabarcoding is therefore 
very promising even if DNA collection methods are not optimal, 
which suggests an opportunity for further exploring freshwater 
communities with existing samples. Finally, additional research 
must be conducted to understand the long- term consequences 
of herbicide on biodiversity, and to what extent abiotic and bi-
otic factors influence the toxic, fertilizing or synergistic effect of 
glyphosate- based herbicides when combined with other pollut-
ants in the environment.
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