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Abstract
Invasive alien species constitute a major threat to aquatic systems due to their potential impact on endemic

biodiversity, ecosystem functioning, infrastructure, and possible sanitary issues. It is therefore crucial to obtain
information on their presence, abundance, and distribution. The bloody-red shrimp Hemimysis anomala, which
originated from the Ponto-Caspian area, has recently settled in Western European lakes, including Lake Geneva.
Although divers have frequently reported the presence and development of this small crustacean over the last
decade, no monitoring has yet been proposed. During a period of 2.5 yr, we tested and optimized an environ-
mental deoxyribonucleic acid approach by comparing two polymerase chain reaction techniques, quantitative
and digital droplet polymerase chain reaction, to assess the presence, abundance, and dynamics of the animal
as well as that of a potential predator, the perch (Perca fluviatilis). We show and discuss the efficiency of the
methods and reveal for the first time the seasonal dynamics of Hemimysis anomala at a selected site in Lake
Geneva. We highlight, in agreement with diving observations, that the animal’s abundance is high in winter
and declines rapidly in early spring, concomitantly with temperature increase and perch presence.

Climate change and anthropization have facilitated the
spread of invasive species by altering ecosystems and removing
natural barriers (Barbet-Massin et al. 2013; IPBES 2023; Rahel
and Olden 2008). However, most cases of alien species intro-
duction are due to human activities, occurring accidentally
through transport or intentionally for purposes like biological
control, wildlife stock improvement, or aquaculture (Pysek
et al. 2010; Sardain et al. 2019). In the mid-20th century, crusta-
ceans were intentionally introduced into Eastern European
lakes and reservoirs to enhance fish production. Increased
driver and marine traffic has allowed many of these species,

particularly Ponto-Caspian mysids, to spread to Western Europe
and the American Great Lakes (Brown et al. 2014).

Hemimysis anomala, also known as the bloody-red shrimp
(Wittmann 2007; Audzijonyte et al. 2008; Daneliya
et al. 2012), is a species native to the estuaries of the Black Sea,
the Sea of Azov and the Caspian Sea (Chandra and Gerhardt
2008). Despite being critically endangered in its native region
(Marty et al. 2010), it now occupies various ecosystems in
Europe and North America as an Aquatic Invasive Species
(AIS). Hemimysis anomala is a ubiquitous and opportunistic
species with a euryhaline physiology and an omnivorous diet
(Wittmann 2007; Frossard et al. 2023), adapting its diet to
resource availability (Frossard et al. 2023). It exhibits diurnal
vertical migration, hiding in dark areas during the day and
migrating to feed in the pelagic zone at night (Borcherding
et al. 2006; Rogissart et al. 2023).

The presence of H. anomala has significant impacts on food
webs, due to its high consumption, reproductive rates, and
migratory behavior. Thus, top-down but also bottom-up
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controls have been highlighted in relation to the introduction
of this species (Ellis et al. 2011; Marty 2008). While providing
a lipid-rich food source for fish (Borcherding et al. 2007), it
may also compete with planktivorous fish larvae and juveniles
(Sinclair et al. 2016). This could reduce the abundance,
growth, and productivity of pelagic fish, while benefiting to
benthic fish (Marty et al. 2012; Ricciardi et al. 2012). The
spread of H. anomala could result in complex interactions
between species and trophic levels, restructuring food webs
and energy flows (Marty 2008).

The impact of AIS is strongly related to their abundance
(Sofaer et al. 2018), making it crucial to monitor their popula-
tion abundance and dynamics for effective management.
Regarding H. anomala, which colonized the large peri-alpine
lakes for less than two decades (Frossard and Fontvieille 2018),
divers have regularly observed swarms of several hundred
thousand individuals in Lake Geneva in early winter since at
least 2020 (Jacquet 2023; Rogissart et al. 2023). Over the last
4 yr, a survey conducted in Lake Geneva and using scientific
and recreational diving allowed us to highlight the develop-
ment of high-density swarms in the littoral zone and in sur-
face waters in winter, when potential predators of the species,
such as the European perch (Perca fluviatilis), leave this area to
move into deeper waters (Craig 1977). At the beginning of
spring, we observed that the abundance of swarms decreases
simultaneously with the increase in water temperature and
merely the return of the European perch to the littoral zone
(Gillet and Dubois 2002; Guillard et al. 2006; Rogissart
et al. 2022). Moreover, predation by this fish on H. anomala
has been recorded using both acoustic and infrared/visible
video cameras (Rogissart et al. unpublished). Hence, the
decline in H. anomala observed by divers in early spring,
and its concordance with the annual migration of the
European perch has led to the hypothesis that predation by
European perch may play a role in the regulation of
H. anomala populations.

To answer this question, it is essential to acquire precise
quantitative data that corroborate the information provided
by scuba diving, which is limited to track small individuals at
low abundance over a short time scale or assessing their den-
sity at high abundance. Environmental deoxyribonucleic acid
(eDNA), increasingly used for biodiversity assessment and
monitoring of various species, including rare or invasive
species, appeared to be well-suited for this purpose (Ficetola
et al. 2008; Jerde et al. 2011). Combined with quantitative
analyses such as quantitative polymerase chain reaction
(qPCR) or droplet digital polymerase chain reaction (ddPCR),
eDNA can provide a highly sensitive approach allowing to
detect the presence, absence, and abundance of one or
more target species (Takahara et al. 2012; Doi et al. 2015).
Additionally, eDNA sampling methods are less invasive
than traditional sampling techniques and are unlikely to
cause harm to species or ecosystems (Banerjee et al. 2022;
Takahashi et al. 2023). This study aimed to investigate the

temporal dynamics of H. anomala in Lake Geneva using an
eDNA approach. We targeted both H. anomala and the native
fish P. fluviatilis, and quantified their eDNA concentrations to
understand their interaction.

The study compared two widely used techniques for eDNA
quantification: qPCR and ddPCR.

The first technique, qPCR, is used with SYBR Green, a fluo-
rescent dye that detects all double-stranded deoxyribonucleic
acid (DNA), including non-specific reaction products, and
increases in fluorescence as the DNA is amplified. The second
technique, ddPCR, is used with a TaqMan chemistry, which
uses a fluorescent probe that binds specifically to the target
DNA sequence, ensuring that only the target sequence is
detected. Our choice to compare qPCR and ddPCR was driven
by the fact that ddPCR technology is not yet accessible to all
laboratories due to its high cost, while qPCR may still be a
more affordable alternative. We therefore present a laboratory
study designed to test the specificity and sensitivity of the two
methods, using one primer set for SYBR Green qPCR and a dif-
ferent primer/probe set specifically developed in this study for
TaqMan ddPCR. It was hypothesized that detection rates
would be higher with ddPCR using a TaqMan approach than
with qPCR using a SYBR Green approach, especially at low
eDNA concentrations. Finally, we suggest ways to improve
and optimize these tools for accurate use in biomonitoring
and early detection of this AIS.

Materials and procedures
Study site

Lake Geneva, the largest natural perialpine lake in
Western Europe, is located between France and Switzerland at
an altitude of 372 m. It has a surface area of 582 km2 and a
maximum depth of 309 m. The sampling site was located
in Saint-Disdille at Thonon-les-Bains (Lat = 46�2400500N,
Long = 6�3000700 E) at less than 0.1 km from the shore, due to
large swarms of H. anomala reported by divers since 2020.
Water samples were collected below the surface, at 0.5 m depth.

Environmental deoxyribonucleic acid water sampling and
filtration

Between January 2021 and June 2023, 54 water samples
were collected from a lake using a 1-L glass jar. The jar was pre-
viously autoclaved and thoroughly rinsed with distilled water
to reduce contamination risks. On site, the jar was rinsed again
with lake water several times before being filled and sealed by a
diver below the surface. To minimize eDNA degradation, the
samples were stored on ice before being filtered in the labora-
tory on the same day using 0.45 μm Sterivex™ MILLIPORE fil-
ters as recommended by Vautier et al. (2021). Using a sterile
50 mL syringe attached to the Sterivex, 850 mL of water was
filtered for each sample. Following filtration, the Sterivex was
immediately stored at �20�C to minimize eDNA degradation
prior to DNA extraction.
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Deoxyribonucleic acid extraction
Deoxyribonucleic acid extractions were performed in a lab-

oratory dedicated to rare DNA and following the extraction
protocol of the MACHEREY-NAGEL NucleoSpin® Soil kit
adapted to Sterivex filters (Vautier et al. 2020). No-template
controls (NTC) were included during extraction and used as
negative controls in order to monitor for potential contamina-
tion or primer dimer formation. Additional DNA extractions
from animal tissues were carried out using the MACHEREY-
NAGEL NucleoSpin Tissue Kit to determine primers’
specificity. Negative controls were performed on DNA from
tissues of the crayfish Pacifastacus leniusculus and Gammarus
sp., while positive controls were performed on DNA from
H. anomala and P. fluviatilis tissues, all sampled by scuba div-
ing and gillnetting.

A Nanodrop™ spectrophotometer was used to measure
absorbance to assess extract quality and total DNA concentra-
tion. Deoxyribonucleic acid extracts were then stored at
�20�C until further analysis. Pre-polymerase chain reaction
(PCR) and post-PCR manipulations were physically separated
and carried out in dedicated rooms.

Primer selection
In this study, all PCR tests were carried out using primer

sets that bind within the cytochrome oxidase subunit 1 (COI)
gene. All details concerning the primers (sequences, amplifica-
tion length o, target, and references) are provided in Table 1.

Quantitative polymerase chain reaction analysis

Primer specificity
To test the specificity of the SYBR Green H. anomala primer

set (Table 1), we performed a qPCR run on two pools of eDNA
samples. One pool, designated P1, contained eDNA from sam-
ples collected in January 2021 (with an expected high signal
of H. anomala as observed by scuba diving), while the second
pool (P2) contained eDNA extracted from the environmental
samples collected in October/November 2021 (with an
expected low signal of H. anomala as observed by scuba
diving). The resulting PCR products were purified according to

the protocol provided in the QIAquick PCR Purification Kit
to remove residual primers and reagents prior to cloning. The
purified PCR products were cloned using a TOPO TA cloning
kit according to the manufacturer’s instructions (Invitrogen).
Forty clones for the P1 pool and 39 clones for the P2 pool
were collected and sequenced by Sanger technology by
Eurofins Genomics (Germany) using the M13 forward primer.
The sequences obtained were compared by BLAST (spring
2023) with the sequences contained in the NCBI databases
(spring 2022) in order to determine the percentage of clones
corresponding to H. anomala.

Quantitative polymerase chain reaction optimization and
standard curve production

With the aim of optimizing qPCR assay conditions, we per-
formed a series of qPCR assays using both SYBR Green and
TaqMan techniques in simplex and multiplex. SYBR Green-
based qPCR tests using the Ha Cox F and Ha COX R primer
sets (targeting the cytochrome c oxidase subunit) revealed
some issues such as non-specific amplification or dimerization
of the primers. Numerous optimization tests were therefore
carried out, which finally resulted in good reaction efficiency,
specific amplifications without dimerization of the primers,
and amplification curves with a clear plateau phase and with-
out baseline deviation. Various parameters such as annealing
time and temperature and primer concentration were adjusted
to obtain better amplification results. The melting curves
were carefully checked. Once the optimal qPCR conditions
were determined, a standard curve was generated using DNA
extracted from H. anomala tissues and amplified in SYBR
Green-based qPCR. The PCR products were then purified,
ligated into the pCR™2.1-TOPO® plasmid vector, and trans-
formed into E. coli competent cells and cultured overnight.
Colonies that successfully integrated the recombinant plasmid
were selected for plasmid DNA extraction and linearization.
After extraction, the Nanodrop™ spectrophotometer was used
to measure the plasmid DNA concentration and its dilution,
and to run standards ranging from 108 to 101. Negative con-
trols were run in parallel with the samples.

Table 1. Species-specific primers and probes used for the amplification of COX or COI gene region of H. anomala and P. fluviatilis in
qPCR and ddPCR. F = Forward, R = Reverse, P = Probe.

Target species Primer/probe Sequence (50–30)
Amplicon
length (bp) Reference

H. anomala (qPCR) Ha Cox F

Ha COX R

F: ACCTCCATCGTTAAGATTGCT

R: TAGACTGTCCACCCCGTACC

72 Brown et al. (2017)

H. anomala (ddPCR) H_anomala_COI-5P_F

H_anomala_COI-5P_R

H_anomala_COI-5P_P

F: AATTGGGTCAGCCCGGTAGG

R: TAACCAGTTGCCGAAACCACC

Fam: ACAAACGCATGCGCTGTCACAATCACG

128 Present study

P. fluviatilis (ddPCR) Perca_Rhone_COI-5P_F

Perca_Rhone_COI-5P_R

Perca_Rhone_COI-5P_P

F: CGCCGTTCTTCTCCTTCTCT

R: GAATAGGGTCGCCTCCTCCT

Hex: ACTTCCTGTTCTTGCCGCTGGCA

116 Vautier et al. (2023)
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Environmental deoxyribonucleic acid sample analysis
The optimized PCR reaction mix conditions retained were a

final reaction volume of 25 μL containing 0.4 μM of each
primer in 1X Sybr Green Master Mix, along with 1 μL of DNA
solution. Two replicates of each PCR reaction were amplified
in a thermocycler (15 min at 95�C, 40 cycles of three steps of
10 s at 95�C, 30 s at 58�C, and 30 s at 72�C) including no-
template controls and standard samples. At the end of the
qPCR, the amplification curve of each sample was analyzed
using Rotor-Gene Q Series Software 2.3.1. The threshold cycle
was determined and the initial concentration of the target
gene in the environmental samples was obtained by plotting
the Ct on the corresponding standard curve.

Droplet digital polymerase chain reaction analysis

Primers and probe design for H. anomala detection
Cytochrome oxidase subunit 1 sequences for the target spe-

cies, H. anomala, and the other macrocrustacean species found
in Lake Geneva (gammarids and crayfish) were obtained
from the Barcode of Life Database (BOLD) (http://www.
boldsystems.org/). All available sequences were obtained
regardless of geographical location in order to avoid intraspe-
cific variation. Primer design and in silico validation were
performed according to Vautier et al. (2023). The primer set
selected for H. anomala were: H_anomala_COI-5P_F,
H_anomala_COI-5P_R, and H_anomala_COI-5P_P (Table 1).

Droplet digital polymerase chain reaction optimization
In the same way as for qPCR, the ddPCR assay was opti-

mized by carrying out different tests targeting H. anomala and
P. fluviatilis. Typically, adjusted parameters were DNA quan-
tity, annealing temperature, the type of fluorescent dye
(ddPCR EvaGreen Supermix or ddPCR Supermix for Probes),
and the number of amplification cycles.

Primer specificity and sensitivity
To assess the sensitivity of the ddPCR primer/probe assay,

the limits of detection (LOD) and limits of quantification
(LOQ) were estimated. These parameters are critical when ana-
lyzing samples with low concentrations of target DNA and
when inferring species abundance from eDNA data. To deter-
mine the LOD and LOQ values, a dilution series of DNA
extracted from a tissue sample of H. anomala was prepared.
A 1:5 serial dilution was conducted to obtain eight dilution
points ranging from 1000 to 0.0124 pg μL�1 as in Vautier
et al. (2023). This series was then analyzed by ddPCR in 5 repli-
cates, using 5 μL of DNA template per ddPCR reaction. Five
negative controls (reaction mix without DNA) were also
included. The LOD was defined as the lowest concentration at
which target DNA was detected in at least one replicate, and
the LOQ was defined as the lowest concentration with a coef-
ficient of variation value lower than 35% as proposed by
Klymus et al. (2019).

Environmental deoxyribonucleic acid sample analysis
Using the Bio-Rad QX600 ddPCR system, environmental

DNA samples and DNA extraction controls were analyzed by
duplex ddPCR, targeting both H. anomala and P. fluviatilis.
Each ddPCR mix had a final volume of 22 μL per sample and
contained 1x Bio-Rad ddPCR Supermix for probes (no dUTP),
900 nM of each primer, 250 nM of each probe, 3 μL of tem-
plate DNA, 5 U of AflII restriction enzyme, completed with
DEPC-treated H2O. For each sample, an emulsion was carried
out with 20 μL of ddPCR mix and 70 μL of probe droplet gen-
eration oil using the QX600™ Droplet Generator. After drop-
let generation, 40 μL of the product was carefully transferred
into a 96-well ddPCR plate that was sealed with a pierceable
foil using the PX1 PCR Plate Sealer and placed in a T100 Ther-
mal Cycler. The PCR reaction was carried out with the follow-
ing program: 10 min at 95�C, followed by 40 denaturation
cycles of 30 s at 94�C and elongation of 60 s at 60�C, with a
ramp rate of 2�C s�1, followed by 10 min at 98�C and a tem-
perature hold at 4�C. Following amplification, the plate was
transferred to a QX600 Droplet Digital PCR System droplet
reader, which checked the fluorescence of all the droplets con-
tained in each sample. QX Manager software was used to
quantify copy number μL�1 of H. anomala and P. fluviatilis.
The threshold separating positive and negative droplets was
determined based on a positive control sample and according
to the instructions in the QX Manager manual. The defined
threshold value was the same for all samples. All droplets
above the threshold were counted as positive events and those
below as negative events. The number of positive and negative
droplets (with an average number of droplets generated of
16,317 � 2471) was finally used by the QX Manager software
to quantify the concentration (copy μL�1) of the target DNA
sequences (Vautier et al. 2024).

Statistical analysis
To measure the correlation between eDNA results (number

of copies L�1 of H. anomala’s target sequence) obtained by
qPCR and ddPCR, we calculated Spearman’s rank correlation
coefficient using the R software (version 4.4.1).

Assessment
Quantitative polymerase chain reaction

Quantitative polymerase chain reaction primer specificity
To detect and quantify H. anomala DNA, we conducted

qPCR tests using two different primer sets: the TaqMan-based
primer-probe set designed during this study and the SYBR
Green-based primer set. qPCR tests using the TaqMan primer-
probe set showed specific amplification of H. anomala’s DNA
and no amplification of the negative controls, namely
DNA extracted from Gammarus and Pacifastacus tissues.
However, despite its specificity for our target species, the
primer-probe set did not allow reliable quantification of
H. anomala’s DNA concentration due to baseline deviations
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observed in the qPCR amplification curves. Therefore, we
decided to optimize the SYBR Green-based qPCR assays and
use this primer set to accurately quantify H. anomala’s DNA.

For the Ha Cox F and Ha Cox R primers used to amplify
H. anomala DNA with the SYBR Green method, the results
obtained after cloning and sequencing the PCR products from
the two pools of environmental samples revealed a specificity
of 91.9% for pool P1 and 72.7% for P2.

Environmental sample analysis
A total of 51 environmental water samples were run in

qPCR, of which 84.31% (43 samples) showed positive amplifi-
cation. Estimation of DNA concentration by qPCR revealed
significant variability and a marked seasonal dynamic of
H. anomala (Fig. 1). Concentrations peaked at the beginning
of each year (e.g., winter) and decreased significantly from the
beginning of spring. Inter-annual variation was also observed.
2021 was the year with the highest DNA concentrations dur-
ing the whole winter period and then the most heteroge-
neous. In contrast, 2022 showed only one concentration peak
at the beginning of winter (January), followed by relatively
moderate and slightly fluctuating concentrations during the
rest of the year. In contrast to previous years, H. anomala DNA
concentrations remained low in January and February 2023,
with a peak occurring later, in March.

Droplet digital polymerase chain reaction

Primer specificity and sensibility
Following the ddPCR analysis of the series of eight succes-

sive dilutions of the H. anomala’s target sequence, the LOD
obtained (i.e., the lowest concentration at which the target
DNA was detected in at least one replicate) was 0.07
copies μL�1 and the LOQ (i.e., the lowest concentration with a

lower coefficient of variation value at 35%) was 0.54
copies μL�1. Based on the work of Vautier et al. (2023), the
LOD for P. fluviatilis DNA quantification assays was 0.11
copies μL�1 and the LOQ was 0.58 copies μL�1. As expected,
no amplification was observed for the negative (tissue)
controls.

Temporal dynamics of H. anomala and P. fluviatilis
environmental deoxyribonucleic acid

Fifty-one environmental samples were analyzed by ddPCR,
of which 43 samples (84.31%) were positive for H. anomala
compared to 48 samples for perch (94.12%). No sample had
an eDNA concentration value below the LOD for H. anomala,
while for perch 7 samples had values below the LOD. ddPCR
analysis showed contrasting patterns in the eDNA concentra-
tion dynamics of H. anomala and P. fluviatilis during some
periods of the year (Fig. 2). During the spring period, we
observed a significant decrease in the signal of H. anomala’s
signal, in parallel with an increase in the perch signal. Similar
to qPCR, we observed a peak in H. anomala signal during win-
ter, the latter being more pronounced in qPCR than in
ddPCR.

Quantitative polymerase chain reaction vs. droplet digital
polymerase chain reaction

A strong correlation was found between the qPCR and
ddPCR results (r = 0.92, n = 51, p < 0.01, Fig. 3). It is
important to note that this comparison was based on the
quantification of H. anomala DNA only. Indeed, the qPCR
quantification assays for P. fluviatilis were unreliable, making
it impossible to establish the necessary standard curve for the
quantification of perch DNA by qPCR. For H. anomala,
the qPCR assay using the SYBR Green-based primer set showed

 2022
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a higher detection rate than the ddPCR assay using the
dedicated primers/probe set, for 27 of the 51 samples.
However, at low DNA concentrations (< 400 copies L�1), a
higher H. anomala signal was detected using the ddPCR
primers/probe set. Furthermore, of the eight samples showing
no amplification by qPCR, five samples showed a reliable
H. anomala signal obtained by ddPCR.

Discussion
Methodological aspects

First, we discuss the limitations of this study. The results
are based on data collected from a single site, at a single depth,
and from a relatively small volume of water sampled. The sam-
pling strategy could be improved by selecting a variety of sites,
different depths or habitats, and by testing an optimal sam-
pling volume. Although these choices were sufficient to test
both PCR methods and to confirm the typical annual dynam-
ics observed by diving (not shown), we are aware that such a
sampling design can be considered a significant limitation.
Indeed, the distribution of eDNA is likely to be influenced by
various environmental factors and is rarely uniformly distrib-
uted in water, so such an approach may not fully capture the
organism abundance and dynamics.

To obtain reliable results, qPCR required much more opti-
mization than ddPCR, with key parameters like primer con-
centration, annealing time, and temperature. For ddPCR, the
standardized protocol used with the Taq Man system did not
require optimization for these three parameters. However, it is

worth noting that droplet generation, which is a crucial step
of the ddPCR technique, requires attention and personal skills
when performed manually. Indeed, the greater the number of
droplets generated, the more reliable the quantification
results.

Unlike qPCR, DNA quantification by ddPCR does not
require the development of a standard curve, which, in our
case required considerable optimization. The calculation of
the number of target DNA copies in ddPCR is achieved by cou-
nting the number of positive droplets in relation to the total
number of droplets. Therefore, there is no need to refer to a
standard curve to determine the target DNA concentration.
This can save time and resources in the experimental setup.

Another major advantage of using ddPCR is its greater tol-
erance to PCR inhibitors in DNA extracts, which are particu-
larly problematic in environmental samples (Doi et al. 2015).
The choice to use a large amount of DNA offers the advantage
of increasing the likelihood of detecting the rare target DNA.
However, the presence of DNA from organisms other than the
target species is also likely to inhibit the amplification reaction
(Harper et al. 2018). However, ddPCR offers several strategies
to overcome the inhibition problem, such as the use of a
restriction enzyme that allows access to the sequence in the
presence of a significant amount of non-target DNA. Par-
titioning the reaction mixture into 15,000 to 20,000 nan-
odroplets also allows the inhibitory molecules to be
partitioned into the generated droplets. PCR performed sepa-
rately in each droplet reduces the effect of inhibitors and
results in better sensitivity to low DNA concentrations
(Goldberg et al. 2016; Cai et al. 2017). The ddPCR reaction is
also an end-point reaction, unlike qPCR, so lower amplifica-
tion efficiency caused by inhibitors will not affect the final
results.

In terms of quantification, a strong and positive correlation
was observed between the eDNA concentrations measured by
both methods. However, we observed differences in DNA con-
centrations between the SYBR Green-based qPCR assay and
the TaqMan-based ddPCR assay, which could be attributed to
several factors. The specificity tests of SYBR Green primers
from the sequencing of PCR products showed that the lower
the amount of target DNA in environmental samples, the less
specific the amplification. This may explain the higher levels
of DNA detected by qPCR than by ddPCR observed in 53% of
the samples analyzed, which may be due to non-specific
amplifications. A higher concentration of DNA detected by
qPCR does not necessarily indicate a higher sensitivity of the
qPCR but rather a lower specificity. The SYBR Green system
relies solely on the primers for amplification specificity, while
TaqMan chemistry uses both primers and probes, resulting in
a more specific assay. Conversely, the higher DNA concentra-
tions estimated by ddPCR, observed in 41% of the analyzed
samples may be attributed to its greater sensitivity. This is
partly due to the sample partitioning in ddPCR, as it is based
on precise counting of target molecules, allowing more
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accurate detection of rare target DNA even in the presence of
excess background.

In addition, SYBR Green binds to any double-stranded
DNA, whereas TaqMan probes are specific to the target
sequence. This difference in chemistry can affect the assay per-
formance. Using different primer sets for qPCR and ddPCR
can also lead to variations in target specificity and amplifica-
tion efficiency. Primers are designed to anneal to specific
regions of the target DNA sequence. If the primer sets used in
qPCR and ddPCR are different, they may target slightly differ-
ent regions or have variations in their binding sites. This can
result in differences in target efficiency, affecting which DNA
sequences are amplified and detected by each method.

The need to consider the unique requirements of qPCR and
ddPCR primer design, as they may not be equally suited to the
specific conditions of each method. While using SYBR Green
for qPCR and TaqMan for ddPCR can provide a basis for com-
parison, the differences in chemistry and detection methods
can introduce variability in results.

In this study, we found that when analyzing environmen-
tal samples containing a low quantity of the target DNA, the
results obtained by qPCR using the SYBR Green chemistry
tended to either overestimate H. anomala’s DNA concentration
due to low specificity, or fail to detect it due to reduced sensi-
tivity and the presence of inhibitory effects.

For an accurate detection and quantification of
H. anomala’s DNA concentration, we would therefore recom-
mend a TaqMan approach to limit the risk of non-specific
amplification, and ddPCR for its ease of optimization and
greater sensitivity and precision, which is particularly advanta-
geous for detecting rare targets or low abundance nucleic
acids.

Environmental deoxyribonucleic acid approach for
H. anomala detecting and monitoring

The study reveals that eDNA is an effective method for
identifying organisms in aquatic ecosystems (Brys et al. 2021;
Cardas et al. 2020; Doi et al. 2015). In addition to eDNA, div-
ing and underwater cameras can also be used to detect
H. anomala. The choice of method depends on the species’
biology, study objectives, and available resources. Combining
these methods is recommended for robust results, as each
technique can provide insights into the animal’s ecophysiol-
ogy. The study emphasizes the importance of considering
these factors when analyzing aquatic ecosystems.

eDNA analysis offers significant advantages in detecting
rare species or AIS at the early stages of invasion, when popu-
lation abundance is typically too low for visual detection. This
method is particularly valuable when organisms are concealed
in inaccessible habitats. The ability to detect species at low
abundances is crucial, enabling managers to implement rapid
response strategies to prevent, control, and mitigate AIS spread
(Dejean et al. 2012; Takahara et al. 2013). While our eDNA
approach demonstrated high species detection rates, it

had limitations in providing demographic information. For
instance, adult to juvenile ratios and reproductive periods of
H. anomala were better determined through diving observa-
tions. However, recent studies demonstrated the potential of
using eDNA to assess demographic parameters in fish species,
suggesting that similar approaches could be developed for
H. anomala in the future (Maruyama et al. 2019).

The eDNA approach may also have some methodological
limitations, and the target DNA may not be detected even
when it is present. For example, false negatives can occur if
inhibitors are present in the eDNA used as a PCR template
(Jane et al. 2015) or if the PCR primers are not sensitive
enough (Wilcox et al. 2013). Ecological and environmental
factors such as seasonality, UV, pH, temperature, and currents
are also likely to affect the concentration, dispersion, and deg-
radation of DNA within aquatic ecosystems (Strickler
et al. 2015). These factors must therefore be considered when
planning sampling protocols. The concentration of target
DNA may also depend on biological factors associated with
the species itself. In contrast to fish or amphibians, crusta-
ceans may be more difficult to detect due to their hard chitin
exoskeletons, which prevent the release of DNA into the envi-
ronment (Tréguier et al. 2014). It is therefore crucial to
develop protocols to increase the sensitivity of the test.

Our study highlights the reliability of eDNA approach in
detecting temporal dynamics in H. anomala populations, par-
ticularly during low-abundance periods. Similar conclusions
were drawn by Cangelosi et al. (2024), who emphasized the
method’s potential to outperform conventional microscopic
techniques in terms of sensitivity and cost-effectiveness. How-
ever, as they also noted, confirmatory traditional methods
remain essential to address limitations such as the inability to
distinguish between live and dead organisms. Interestingly,
Sheehan et al. (in press, Management of Biological Invasions)
provide complementary evidence, showing that eDNA signals
for H. anomala decline rapidly in water, suggesting that posi-
tive eDNA detections are strong indicators of living organisms.

Finally, another promising approach that might be useful
for such a survey is eRNA-based analysis, as such a method
would be free of DNA signals left by organisms that are no
longer at the site (either because they have moved elsewhere
or deeper in the water column, or because they are dead). This
method would therefore help to ensure that the signal refers
to live and active individuals present in the immediate vicin-
ity (Miyata et al. 2021).

Population dynamics
Our eDNA monitoring revealed distinct seasonal variations

in H. anomala signals, consistent with findings from visual
detection and individual capture studies. However, the
observed dynamics in our study differ from those reported in
other ecosystems, highlighting the complexity of H. anomala’s
population patterns. We detected a strong H. anomala signal
during winter (January–March), followed by a significant
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decline from late March–early April to low or zero concentra-
tions until December. This pattern contrasts with observations
in other ecosystems, suggesting that H. anomala’s population
dynamics are highly context-dependent. (Table 2). It should
be noted that the observations cannot be generalized to the
ecosystem level, as only one site was studied. Indeed, we do
not know whether the swarm dynamics might be different
elsewhere in the lake or whether some of them might also
migrate to the deeper zone for example. It is likely that the
dynamics of H. anomala depend on a variety of factors, not
only on the intrinsic properties of the species, but also on the
context of the invasion, as well as the biotic and abiotic
characteristics of the ecosystem in question, not to mention
the sampling strategy used to detect and track this small
crustacean. We are also aware that when an exotic species is
introduced, the environmental conditions in the new eco-
system are likely to be different from those in the original
habitat. An AIS must therefore be able to cope with new
conditions, by adapting various aspects of its biology and
ecology such as feeding and reproductive behavior and tol-
erance to a wide range of salinities and temperatures. Strong
phenotypic plasticity may therefore explain the different
dynamics that H. anomala exhibits in the different occupied
ecosystems.

Considering the results obtained from the simultaneous
monitoring of H. anomala and P. fluviatilis, two main factors
could explain the decline of the blood-red shrimp, such as the
increase in water temperature and the pressure exerted by
the perch predation. Indeed, peaks in the H. anomala abun-
dance were observed in winter (January–March), a period dur-
ing which a total absence of perch in surface waters was
reported by scuba-divers and confirmed by the eDNA approach.
In addition, a shift in the concentrations of the two species was
systematically observed each year from the month of April, a
period during which the water temperature increases and the

perch return to the coastal zone (Jacquet 2023; Rogissart
et al. 2023).

On the one hand, feeding, reproduction, and survival
rates of H. anomala have been shown to be affected by water
temperature (Sun et al. 2013). Jacquet (2023) also mentioned
the effect of temperature as a key factor that could hinder
the swarming of H. anomala in perialpine lakes. On the other
hand, the predation of H. anomala by perch, demonstrated
by both camera recordings and analysis of fish stomach con-
tents, with more than 80 individuals found in just one perch
(Rogissart et al. 2023; Rogissart et al. 2022), suggests that preda-
tion could exert a strong pressure that could significantly and
relatively rapidly reduce the abundance of the blood-red
shrimp. The shift observed here in the eDNA signal of the two
species provides another element to confirm this interaction
between H. anomala and P. fluviatilis. This is also consistent
with the results of other authors, who have repeatedly observed
the presence of perch near swarms of H. anomala as well as acts
of predation (Ketelaars et al. 1999; Borcherding et al. 2006;
Dumont and Muller 2010; Gallagher et al. 2015).

Our results do not exclude other possible explanations for
the decline of H. anomala populations. Typically, interspecific
competition could occur with the quagga mussel (Dreissena
rostriformis bugensis), whose invasion in Lake Geneva dates
back to 2015. This mussel is indeed a highly competitive AIS
that has spread throughout the entire lake and established an
important population. Its high filtration rate could therefore
contribute to significantly reducing the plankton resources
available to H. anomala, thereby contributing to the decline of
its population (Beisel 2021; Jacquet 2023). The increase in
water transparency since the mussel was installed in the lake
(not shown) could be an indication of the extent of plankton
consumption by this mollusk. At last, the natural mortality of
individuals at the end of their lives could also contribute to
the population decline.

Table 2. Temporal dynamics of H. anomala: present study and other localities.

Locality
Monitoring
method Temporal dynamics of H. Anomala Reference

Saint-Disdille Lake Geneva

(French side)

eDNA • High concentrations: January to March
• Winter peak: January or March
• Low concentrations/absence: April–December

Present study

Boating marina connected to

River Trent (UK)

Capturing • Increase in abundance from mid-May
• Summer peak: End of June beginning of July
• Total absence of capture: From July to October

Nunn and Cowx (2012)

Regatta lake (UK) Visual detection • Peak abundance: September
• Gradual decrease in abundance until January
• Absence of detection in February and March
• Appearance of juveniles in April

Stubbington et al. (2008)

Gravel-pit lake connected to the

Lower Rhine (Germany)

Capturing • Increase in abundance from September
• Winter peak in December
• Decline in April

Borcherding et al. (2006)
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Comments and recommendations
For an efficient detection and monitoring of the dynamics

of the AIS H. anomala in lakes, it is proposed to use an eDNA
approach coupled with ddPCR using the Taq Man-based
primer set developed in this study. Although our sampling
strategy could be improved by typically increasing the number
of sites to be surveyed and possibly the volume of water to be
sampled, the primers designed and the method appear to
be sufficiently robust to be applied in other ecosystems.
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