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Abstract. Active species reintroduction is an important conservation tool when aiming for
the restoration of biological communities and ecosystems. The effective monitoring of reintro-
duction success is a crucial factor in this process. Here, we used a combination of environmen-
tal DNA (eDNA) techniques and species distribution models (SDMs) to evaluate the success
of recent reintroductions of the freshwater fish Alburnoides bipunctatus in central Germany.
We built SDMs without and with eDNA presence data to locate further suitable reintroduction
sites and potentially overlooked populations of the species. We successfully detected eDNA of
A. bipunctatus at all reintroduction sites, as well as several adjacent sites mostly in downstream
direction, which supports the success of reintroduction efforts. eDNA-based species detection
considerably improved SDMs for A. bipunctatus, which allowed to identify species presence in
previously unknown localities. Our results confirm the usefulness of eDNA techniques as stan-
dard tool to monitor reintroduced fish populations. We propose that combining eDNA with
SDMs is a highly effective approach for long-term monitoring of reintroduction success in
aquatic species.

Key words: Alburnoides bipunctatus; environmental DNA; monitoring; noninvasive species; reintroduction;
species distribution models; Water Framework Directive.

INTRODUCTION

In recent decades, habitat pollution has led to massive
biodiversity declines in European freshwater ecosystems
(European Commission 2007). Large-scale efforts to
improve water quality as well as river morphology have
been conducted to prepare aquatic habitats as demanded
by the European Water Framework Directive (WFD). In
addition, numerous species reintroduction projects have
been conducted to re-establish formerly present species
communities and to improve the ecological status of
river ecosystems (Jourdan et al. 2018). Important

contributing factors are the highly impaired longitudinal
connectivity in most river networks (Fullerton et al.
2010) and the fact that numerous fish species have poor
long-distance dispersal capacity. In response, several
projects have aimed at restoring fish communities and
bring back emblematic, previously widespread species.
Prominent examples for recent reintroduction programs
involve the release of salmon (Salmo salar), Allis shad
(Alosa alosa), and Atlantic sturgeon (Acipenser sturio) in
the river Rhine and other major European stream sys-
tems (Monnerjahn 2011, Kirschbaum et al. 2011, Schar-
bert et al. 2011).
Despite the tremendous effort conducted in many of

these programs, a considerable proportion of aquatic
reintroduction projects fail. While the reasons for this
are intensively debated (Sarrazin and Barbault 1996,
Jourdan et al. 2018) such as effective monitoring dur-
ing and after the reintroductions (Griffith et al. 1989,
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Wolf et al. 1996, Kleiman and Mallinson 1998) and a
science-based, more careful selection of reintroduction
sites (Woodroffe and Ginsberg 1999, IUCN 2013).
Accordingly, the choice of the optimal release site and
the implementation of scientific monitoring are crucial
factors for reintroduction success.
The availability of suitable habitat is a key requirement

for the successful establishment of reintroduced species
(IUCN 1998). Identifying and selecting suitable habitats
prior to reintroduction of a species can favor long-term
establishment of the species. Species distribution models
(SDMs) are frequently applied to identify and assess habi-
tat suitability for species reestablishment in a certain area
(Williams et al. 2009). Furthermore, SDMs have been
successfully applied to various tasks in freshwater conser-
vation and management (Domisch et al. 2015a). The
approach relies on statistically associating species occur-
rence with the prevailing environmental data to evaluate
the habitat suitability. These models have been success-
fully applied to discover previously unknown populations
through the identification of their specific habitat require-
ments (Guisan et al. 2006). Combined with field detection
such as electrofishing, SDM-supported surveys can out-
perform traditional large-scale surveys in their efficiency
(Costa et al. 2010, Guisan et al. 2013).
A next crucial step in species reintroduction programs

is an effective long-term monitoring. A reliable and
effective monitoring method can provide the required
information to evaluate the status as well as spatial and
temporal dynamics of the reintroduced population.
Obtained data informs about the potential need for
adopting further reintroduction action and provides
important information for future reintroduction plans
(Woodroffe and Ginsberg 1999). Unfortunately, in sev-
eral cases, monitoring after introducing a species to its
native habitat has been either neglected or was done by
invasive methods and documented only in grey literature
(Sarrazin and Barbault 1996). Particularly for rare spe-
cies, invasive survey methods may be harmful, (Snyder
2004), dependent on species characteristics, weather con-
ditions, river size, and bed structure (Thomsen and
Willerslev 2015, Jerde et al. 2016) and may thus lead to
incomplete or misleading information when surveying
reintroduction success.
Noninvasive species detection based on DNA shed by

species to its environment (eDNA) has been proven par-
ticularly suitable to monitor even rare species in a variety
of aquatic environments (Jerde et al. 2011, Thomsen
et al. 2012). In particular for taxa that are difficult to
monitor, eDNA can often provide information on spe-
cies’ distribution faster and with less effort compared to
traditional surveys based on catch or observational data
(Dejean et al. 2012, Biggs et al. 2015). The use of eDNA
has an enormous potential to quickly provide data on
the distribution of species to complement the occurrence
data used as input in SDMs and improving the underly-
ing knowledge leading to more statistically sound distri-
bution predictions. Interestingly, this approach has only

rarely been applied so far (Schmidt et al. 2013, Hunter
et al. 2015, Muha et al. 2017, Eiler et al. 2018, Doi et al.
2019) mainly to address imperfect detection. To our
knowledge, there is no study in which SDM and eDNA
support each other in an iterative manner.
Here, we present a new approach combining eDNA

and SDM to evaluate the reintroduction success of a
regionally endangered freshwater fish, A. bipunctatus,
which inhabits fast-flowing and well-oxygenated waters
of streams and rivers. In central Europe, this historically
abundant species has undergone massive decline in the
second half of the past century due to water pollution
and river regulations (Rothe 2002). In the central Ger-
man state of Hessen, for instance, only a few remaining
populations have been documented in the north, mainly
in the river Eder and in its tributaries (Bobbe 2016).
With the overall improvement of water quality in Ger-
many during the past decades and the conduction of
ongoing morphological river restoration measures, a
successful re-establishment of the species seems plausi-
ble. Thus an active reintroduction program of A. bipunc-
tatus (Bobbe 2011) has been planned and carried out
since 2009 in several stream systems of Hessen, aiming
at reestablishing the species in all suitable water bodies
in the region. A. bipunctatus is sensitive towards changes
in water quality and river morphology (Bobbe 2015).
Therefore, the establishment and spread of reintroduced
populations of the species may negatively be influenced
by entry of organic materials and fluctuating negative
oxygen contents. Moreover, the presence of physical bar-
riers also hinders the spread of the reintroduced popula-
tions to nearby suitable habitats (Bobbe and Korte
2017). While single individuals have been captured in
several reintroduction regions up to a maximum of 8 km
away from its release point, the overall success of this
action has not been systematically evaluated so far. Also,
it is unknown to what degree undetected relict popula-
tions of this small, difficult-to-monitor species have per-
sisted. In order to maintain a viable population, the
species is restocked every year in some of the studied riv-
ers where it was considered unestablished.
We therefore aimed to answer the following questions:

(1) Was the reintroduction successful; i.e., can we detect
A. bipuncatus in the vicinity of the reintroduction sites
several years after its release? (2) Do overlooked popula-
tions exist that need to be considered in future reintro-
duction planning? (3) Is the iterative combination of
eDNA and SDM a suitable tool to guide the choice of
suitable reintroduction sites?

METHODS

Study sites and region

The federal state of Hessen is located in the western
central part of Germany, with an approximate area of
21.100 km2. The main river systems in the north are the
Fulda and the Eder, which drain into the Weser
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watershed. The Main and the Lahn rivers both drain
into the Rhine river in the south and in the west of the
state, respectively. In this study, we sampled 115 locali-
ties from 33 streams and rivers covering several major
river systems of Hessen between April 2017 and Febru-
ary 2018. We categorized the target rivers into four cate-
gories: (1) rivers where actual reintroduction took place
(hereafter RS, reintroduction sites); (2) rivers predicted
by SDMs as suitable habitats (MS for model sites with-
out and eMS for model sites with eDNA-based monitor-
ing results); (3) rivers considered unsuitable, neither
comprising reintroduction sites nor predicted by SDM1
(AS, additional sites); and (4) two rivers as negative con-
trol sites (NS) as such (Fig. 1).
To evaluate the success of recent reintroductions of A.

bipunctatus, we sampled all known RS including exact
reintroduction localities in Hessen (rivers Kinzig, Nidda,
Sinn, M€umling, Lahn, Ulster, and D€ollbach), as well as

several upstream and downstream sites from the actual
reintroduction localities in 5-km intervals (except for the
long stretched river Lahn, where intervals of approxi-
mately 10 km were chosen; Fig. 1). To test SDMs gener-
ated with and without eDNA data and check for
potentially overlooked populations, we included addi-
tional 190 samples from 52 MS and eMS predicted by
the SDMs (see eDNA sampling) as well as 102 samples
from 24 AS (see Fig. 1). In total, 392 samples were taken
in the course of this study.

eDNA sampling

We collected eDNA samples using glass fiber filters
(GFFs) of 2-lm pore size and 47 mm diameter (Millipore
Merck, KGaA, Darmstadt, Germany) by filtering a range
of water volumes (1–10 L) through a peristaltic pump
(Masterflex; Cole-Palmer Instrument Company, East

FIG. 1. Sampling locations of the 31 freshwater systems located in central German region of Hessen targeted in this study.
Panels A–D are zoomed-in views from the large panel. Black points represent negative sites and green points represent positive sites.
Samples were taken from (RS) reintroduction river sites with exact reintroduction localities (R), (MS) model sites without, (eMS)
model sites with eDNA-based data, and (AS) additional sites. For exact positions of all 113 localities, see Appendix S1: Table S1.
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Bunker Ct Vernon Hills, IL, USA) following (Wittwer
et al. 2018a, b). The volume of filtered water depended
upon turbidity of the sampled river, weather conditions
and also the particle size variations at each site. We trans-
ferred each GFF to 50-mL screw-cap tubes with sterile
forceps. Samples were transported to the laboratory
within few hours in ice coolers and then stored at �20°C
until extraction. For each sampling event, equipment and
field blanks were taken to monitor the risk of contamina-
tion as mentioned in other studies (Piaggio et al. 2014).
Before each sampling event, we decontaminated all

equipment using 0.25% peracetic acid or 10% bleach
solution, rinsing with 96% ethanol and then exposed to
UV light. To further minimize the risk of contamination,
we frequently changed gloves and flushed the filtration
apparatus with river water at each sampling site (Fuku-
moto et al. 2015).

Species distribution modeling

Besides eDNA detection of RS, we aimed to check for
potentially undetected occurrences of A. bipunctatus.
For this, SDMs were built using the biomod2 package
(Thuiller et al. 2009) for R (R Development Core Team
2014). SDMs were calibrated with environmental data
representative of freshwater ecosystems, as well as with
occurrence data of the target species. Based on this infor-
mation, the model is trained to determine habitats con-
sidered to be suitable and to predict it across the
landscape. Models used occurrence data for A. bipuncta-
tus for Germany (n = 61; recorded between 2006 and
2015) from the Global Biodiversity Information Facility
(GBIF) database. As environmental predictors, we used
10 variables from a freshwater-specific, near-global,
environmental variable data set, available for stream net-
works at a 1-km resolution spatial (Domisch et al.
2015b; available online).10 The considered predictor vari-
ables included ecologically relevant environmental fac-
tors for freshwater biota, which have been proven to
improve model predictions in freshwater ecosystems
(Kuemmerlen et al. 2014, Domisch et al. 2015b). Three
predictors described atmospheric temperature patterns
as surrogates for water temperatures, monthly minima,
monthly maxima, and their seasonality (Austin 2007);
three more predictors described precipitation patterns
during driest and wettest months as well as their season-
ality; two predictors described the relative proportion of
land used in the upper subcatchment, urban and culti-
vated; one predictor described topographical inclination
(i.e. slope) as a surrogate for flow velocity. The model
was calibrated for the entire river network of Germany
(85,682 grid cells) but projected only for the river net-
work of the study area, the state of Hessen (4,893 grid
cells). The algorithms generalized linear models (GLM),
generalized boosted models (GBM), classification tree
analysis (CTA), artificial neural networks (ANN),

random forests (RF), and multinomial logistic regres-
sion (MAXENT.Tsuruoka) were run for five different
pseudo-absence sets (10% of calibration grid cells,
n = 8,568) and 10 repetitions, for a total of 600 individ-
ual models that were aggregated into an ensemble
model, using a performance weighted mean. The perfor-
mance metric of choice was the true skill statistic (TSS;
Allouche et al. 2006). As an internal validation proce-
dure, for each individual model, the occurrence data is
split into training (70%) and testing (30%) data sets, in
order to assess the sensitivity (i.e., true positive rate) and
specificity (i.e., true negative rate), from which the TSS
is calculated. Finally, binary predictions were projected
on the stream network map of Hessen to inform eDNA
sampling efforts.
From this initial prediction of habitat suitability

(SDM1), 10 MS with large reaches of predicted occur-
rence were selected for eDNA sampling (see eDNA sam-
pling); Elbbach, Aar, Wetschaft, Perf, Dill (Lahn
tributries), Lahn, Wisper (Rhine tributaries), Wohra
(Weser tributary), Orke (Eder tributary), and Eder
(Fulda tributary; Fig. 1). After this sampling, a second
model (SDM2) was set up using the presence data gen-
erated through the eDNA analysis and using the same
parameters as described above. We sampled only a
small number of rivers from the predictions of SDM2
to check its efficacy. We sampled (details in eDNA sam-
pling section) seven eMS including Bieber, Orb, Salz,
and Bracht (Kinzig tributaries), Nidder, and Usa
(Nidda tributary) and Schwarzbach (Main tributary).
We also sampled one negative site each from two NS,
namely the rivers N€ust and Bieber, where the complete
absence of A. bipunctatus has recently been shown
(Bobbe 2015).

Laboratory procedure and data analysis

We performed all DNA extractions and PCR reac-
tions under UV hoods in separate laboratories assigned
for these purposes. We used tissue extracts of fin-clips of
two A. bipunctatus reference specimens from Riaz et al.
(2018) and quantified DNA concentrations with the
NanoDrop spectrophotometer (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA). We extracted
DNA from all water samples by using a modified phe-
nol-chloroform-alcohol method according to Wittwer
et al. 2018a, b, .
We used a highly sensitive and specific TaqMan MGB

qPCR Assay developed for A. bipunctatus by Riaz et al.
2018 and performed qPCR on QuantStudio 3 (Thermo
Fisher Scientific) using TaqMan Environmental Master
Mixture 2.0 following the thermal conditions of Riaz
et al. 2018. All qPCR runs included eight levels of stan-
dard concentrations as positive control, no template
control (PCR water), either an equipment/field control
or an extraction blank in triplicate for ensuring the relia-
bility of the results. We analyzed the qPCR runs by
Quantstudio software v1.1 (Appendix S1: Table S1) and10 http://www.earthenv.org/streams
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calculated relative DNA amounts based on the standard
curve and obtained cycle threshold (Ct) values.
A site was scored positive if there was amplification of

at least two replicates (biological, different water sam-
ples of one site; technical, PCR replicate of the same
sample) of the same site with DNA quantity equal to
or over the limit of detection (LOD = 40.310 Ct,
0.05 pg/lL).

Inhibition test

Although TaqMan� Environmental Master Mix 2.0 is
generally considered effective to cope with inhibition
effect (Jane et al. 2015), we tested for potential inhibi-
tory effects. For this, a selection of 15 light and dark-
colored extracts from all RS and few additional MS,
eMS and AS were selected. Extracts were diluted 5, 10,
and 100 fold (McKee et al. 2015) and run in triplicates
for qPCR.

RESULTS

eDNA-based detection

All 392 samples from 115 sites containing all four river
categories were analysed for the presence of eDNA from
A. bipunctatus by qPCR. We did not detect A. bipuncta-
tus from the two NS considered as negative for the spe-
cies in this study. No cross-contamination was found
during field and laboratory handling for all equipment
controls, field controls, extraction and PCR blanks. As
we found negligible inhibition effects only from a few
samples we used concentrated extracts for further analy-
sis in this study.
Species presence was detected at 34 sites (120 samples,

31%). Out of these 34 positive sites, 21 belong to RS
(62%) including all eight reintroduction sites (Fig. 1).
We detected presence of A. bipunctatus at all actual rein-
troduction localities of the rivers Kinzig, M€umling,
Lahn, D€ollbach, Ulster, Nidda, and Sinn and also at
several downstream sites (Fig. 3). Additionally, a few
sites upstream sites gave positive qPCR signals indicat-
ing upstream dispersal (Kinzig and Nidda; Figs. 1, 4,
Appendix S1: Table S1).

Species distribution modeling

A. bipunctatus was predicted to occur in <10% of the
stream network of Hessen (453 grid cells) by the initial
model (SDM1, Fig. 2a), which showed moderate perfor-
mance (TSS = 0.879). eDNA analysis could not confirm
A. bipunctatus in seven of the MS: Elbbach, Aar,
Wetschaft, Perf, Dill, and Wohra. However, we got
strong qPCR signals from four MS rivers: the Wisper
(Rhine tributary), the Eder, its tributary the Orke, and
also from the Lahn (Fig. 3, Appendix S1: Table S1),
confirming SDM distribution predictions. Consideration
of species detection by eDNA resulted in improved

model performance (TSS = 0.961), as well as a consider-
ably larger area of predicted occurrence for A. bipuncta-
tus, (1,617 grid cells) (SDM2, Fig. 2b). In one out of
seven additional rivers predicted by SDM2 (Bracht)
presence of A. bipunctatus could be confirmed by
eDNA.
Three out of six AS rivers Felda, Erbach, and Jossa

were found to be suitable habitats for A. bipunctatus
through eDNA tests (Fig. 3, Appendix S1: Table S1).
Moreover, for the two largest rivers in our study region,
Main and Rhine, we obtained weak qPCR signals below
the LOD and were thus classified as negative detections
based on our established scoring criteria for this study.

DISCUSSION

Evaluation of reintroduction success with eDNA

Our results show a clear pattern, confirming the
absence of A. bipunctatus in most tested river systems in
Hessen. Positive detections at all reintroduction sites
(Fig. 3, Appendix S1: Table S2) provide strong evidence
for the overall success of the reintroduction efforts and
are in line with electrofishing data, which found A.
bipunctatus individuals following the releases (Bobbe
2016, Bobbe and Korte 2017). We are aware of the fact
that a positive detection at a site does not provide clear
evidence for successful reproduction and there is yearly
restocking conducted to support the reintroduced popu-
lations. Thus, detections may derive from surviving or
recently restocked animals. However, the fact that we
obtained generally strong signals, even in regions consid-
erably distant from the reintroduction sites, as well as in
cases where the reintroduced population had not been
confirmed by electrofishing (river M€umling; [Bobbe and
Korte 2017]) makes this scenario rather unlikely and
documents the suitability of eDNA to detect reintro-
duced populations.
Besides detecting the species at all the reintroduction

localities, we found A. bipunctatus DNA downstream of
the actual reintroduction localities. While these detec-
tions may relate to the downstream transport of eDNA
fragments, certain factors such as temperature, physical
decay, biological degradation, substrate type, flow rate,
and increased dilution by influx of water affect down-
stream eDNA detection probability (Dejean et al. 2011,
Barnes et al. 2014, Jane et al. 2015, Jerde et al. 2016,
Shogren et al. 2017). For example, in an experimental
study, (Shogren et al. 2017) detected eDNA at a maxi-
mum distance of up to 21.7 m downstream from the
source depending upon the substrate bed. While in this
study, we detected eDNA of A. bipunctatus as far as
14.5 km downstream of the reintroduction sites. Assum-
ing no dispersal, this would correspond to a minimum
travelling time of 27 h for eDNA fragments at an aver-
age flow rate of 0.54 km/h (data obtained for M€umling
from Hessisches Landesamt f€ur Naturschutz, Umwelt
und Geologie) during the month of May 2017 (Fig. 4,
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Appendix S1: Table S1), Moreover, the presence of seven
barriers between the reintroduction site and the last site
where the species was detected with eDNA has likely
contributed to eDNA retention. Considering the trav-
elling time, physical barriers, and degrading factors
affecting persistence of eDNA from other studies (for
example, Barnes et al. 2014), we expect the relatively
strong eDNA signals (eDNA quantity > LOQ,
Appendix S1: Table S1) downstream of the reintroduc-
tion site to be derived solely from flowing eDNA traces
attributable to the occurrence of fish at or very near the
sampled sites. In contrast to two reintroduction rivers,
such as Nidda and Kinzig, signal intensity did not
decrease in the course of the stream while moving down-
stream the reintroduction sites. At least for the M€umling
site, it may thus be evident that A. bipunctatus could
have spread from the reintroduction point and there is
strong indication of the occurrence of some downstream
native populations. As there is no eDNA sampling
before the reintroduction process started at any of the
studied rivers, disentangling the effects of dispersal from
the potential presence of overlooked native populations
remains inconclusive. Our results, however, highlights
the broad applicability of eDNA to be used to detect the

presence of any native population before initiating the
process of reintroduction to make it more targeted and
fruitful.
Besides this evidence for downstream dispersal, in

some rivers, the patchy upstream detections of A. bipunc-
tatus from the reintroduction sites and also detection in
some tributaries may again be attributed to previously
undiscovered isolated populations of the species. How-
ever, as the species was generally considered to be extinct
in reintroduction rivers (Bobbe 2011), it is plausible to
conclude an up-stream range extension of the reintro-
duced populations in at least some of the cases. Further
evidence of the gradual dispersal of A. bipunctatus
comes from the fact that three new populations were dis-
covered at non-predicted rivers (Fig. 3, Appendix S1:
Table S1). Two of these rivers, the Jossa and the Felda,
are tributaries of the reintroduction rivers Sinn and
Ohm-Lahn, respectively, while the river Erbach is the
Rhine tributary that is reported to contain a relict popu-
lation (Bobbe 2015). We cannot prove here if these popu-
lations behave somewhat different or if it may be due to
model inaccuracy. Also, these findings necessitate fre-
quent monitoring following reintroduction of a species
not only at or around the reintroduction sites but also in

/
0 4020

km

Schneider: occurrences
Schneider: eDNA generated occurrences
Occurrence prediction
Boundary: State of Hessen
River network Germany

A B

FIG. 2. Predicted suitable habitats for Alburnoides bipunctatus projected for the German state of Hessen. (A) Model predicted
sites (MS) of SDM1 based on available occurrence data for A. bipunctatus for Germany (n = 61; from 2006 to 2015) from the
Global Biodiversity Information Facility (GBIF). (B) eDNA-model sites (eMS) of SDM2 generated from adding eDNA-based
detection data obtained in this study.

Article e02034; page 6 MARIA RIAZ ET AL.
Ecological Applications

Vol. 30, No. 2



FIG. 3. eDNA-based detections of A. bipunctatus in 31 Hessian streams. An illustration of the mean cycle threshold (Ct) values with
standard errors from three qPCR replicates of water samples obtained from 113 sampling sites. The x-axis indicates the mean Ct values
and y-axis indicates the sampling rivers. Along the x-axis, a Ct value of 0 means absence of DNA in our results, with values in descend-
ing order, where higher Ct value means lower DNA concentration and lower Ct value means higher DNA concentration. In the key,
“No. sites” represents the number of sites for the samples that showed zero values only, and the size of the circle indicates the number of
sites. The mean Ct values other than zero are shown with standard deviation. See Fig. 1 for sampling site categories (“Groups”).

FIG. 4. Mean cycle threshold (Ct) values of eDNA- based A. bipunctatus detection from sites downstream of three reintroduc-
tion sites: (A) Nidda and Kinzig rivers and (B) river M€umling.
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the whole stretch of the rivers and their tributaries to
access the species’ full range.
We obtained few examples of an isolated, upstream,

dispersal or occurrence of the species. For instance, in
the Nidda, some detections were made approximately 4
and 21 km upstream from the RS. While in the Wisper
(MS), A. bipunctatus was also detected to occur at the
river mouth and also at a far upstream site. Interestingly,
no detection was made between the previous down-
stream detection site and the upstream detection site. A
false positive detection due to contamination during
field or/and laboratory handling is highly unlikely, as all
controls including field, equipment, extraction, and
PCR controls showed no amplification. We also repli-
cated all laboratory procedures and could confirm the
positive detection. While eDNA of a species may be
transported to the upstream sites by predators such as
fish or birds, for instance in their guts and excreted there
(Merkes et al. 2014), our findings provide strong evi-
dence for within-catchment dispersal of the species from
the actual reintroduction site.
In some cases, such as the large rivers Rhine and Main,

weak eDNA signals were obtained in some samples. The
intensity of weak eDNA signals is comparable to other
downstream detections below the reintroduction sites
except the M€umling (Appendix S1: Table S1). It appears
likely that the high dilution factor and faster degradation
of eDNA due to the high water temperatures of these
large rivers may lead to weak eDNA signals. Similar false
negative results have been reported in several eDNA
studies from sites where species presence was evident
(D�ıaz-Ferguson and Moyer 2014, Port et al. 2016). Thus,
additional sampling efforts as well as experimental studies
might be required to test for species’ occurrence and pop-
ulation density in large water bodies using eDNA.
Our results document the suitability of the eDNA

approach for monitoring and range estimation of rein-
troduced fish species. In this study, we did not explicitly
aim for a comparison between traditional monitoring
based on electrofishing and eDNA. However, we pro-
pose eDNA as a reliable alternative or ideally a valuable
complementation to this approach. For instance, elec-
trofishing can be harmful to fishes if improperly applied.
Electrofishing is reported to cause spinal damages or
hemorrhages as a result of the possible epileptic seizures
in over 50% of the fishes examined internally (Snyder
2004). This physical stress and sometimes death of some
of the individuals should be worth concerning especially
when handling rare and endangered species or vulnera-
ble populations that have recently been reintroduced. In
this context, eDNA can be regarded as a nondestructive,
noninvasive, effective, detection approach with no obvi-
ous threats to animal health.

Combining eDNA with SDM

To delineate the potential range of A. bipunctatus and
guide the sampling effort in this study, we used SDM

based on publicly available data. The initial model
(SDM1) was limited in its predictions, with only four
rivers, including one reintroduction river, being identi-
fied as suitable habitat for A. bipunctatus. However, due
to few occurrence data points and the fact that the spe-
cies did not yet recolonize its potential range lead to
moderate performing model, as indicated by TSS. More-
over, the model output can be the result of several addi-
tional factors: uncertainty related to the occurrence data
(e.g. unknown sampling techniques, non-systematic sam-
pling) and possibly an incomplete description of the suit-
able habitat for A. bipunctatus (more environmental
predictors at a finer spatial scale). Moreover, while
SDMs were calibrated with improved occurrence data in
a second model and that they could, in general terms, be
calibrated using additional, environmental data at high
spatial resolutions; inaccuracies are an intrinsic part of a
predictive approach. Implementing posterior field vali-
dation can help detect such inaccuracies and potentially
improve subsequent SDMs (Barry and Elith 2006, Pear-
son et al. 2006).
By means of harnessing the efficiency of eDNA tech-

niques to sample rare species in almost any kind of habi-
tat, even those that are otherwise hard to access by
traditional methods (Yoccoz 2012, Muha et al. 2017), the
second SDM could be calibrated with additional presence
data from the eDNA monitoring/survey, yielding a very
good performing model as indicated by TSS. While the
resulting area of predicted habitat suitability was larger
than in the first SDM, a significant portion of the occur-
rence prediction could not be confirmed with the eDNA
method. This result was expected, as the species is known
to have disappeared from most former habitats due to
massive water pollution and morphological river degrada-
tion during past decades. As reintroductions only occurred
recently, it seems plausible to assume that the species has
only been able to occupy nearby habitats in close proxim-
ity to the reintroduction sites. This scenario is confirmed
by the eDNA data. Moreover, some degree of dispersal
limitations due to vertical barriers or stretches of unsuit-
able habitats might further hamper the spread of the spe-
cies in the future. Nevertheless, this procedure resulted in
the detection of this rare species at a previously unknown
site (river Bracht) and can be considered as a significant
knowledge improvement for the distribution of A. bipunc-
tatus. In the course of this study, our finding was also con-
firmed by the electrofishing survey report (Bobbe and
Korte 2017). Moreover, predicting a species’ distribution
is particularly challenging in our case study, because of
the local extirpation attributable to a legacy effect of for-
mer pollution, combined with the dispersal limitation sug-
gested by our results.

Applications of coupling eDNA and SDM

Combining eDNA and SDMs can serve as a useful
active management tool for species reintroduction with
the following algorithm: (1) Build an SDM with best
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available occupancy information for identification of
most suitable habitat. (2) Release the species in those
habitats and reevaluate with eDNA to improve the
SDMs predictions. (3) Consider additional releases in
case new suitable areas are predicted due to model
improvement. This process may lead to the identification
of most suitable habitat for species that can enhance the
chances of establishment of species enormously. More-
over, this study can be considered as an initial exemplary
work that can guide conservation managers formerly
using electrofishing method or mark recapturing at
potential sites to monitor population trends. In addition
this combined technique could be utilized for the early
identification of invasive species to prevent and manage
its spread.

CONCLUSION

Our results provide evidence that (1) A. bipunctatus is
currently well established in extensive river segments
with suitable habitat, (2) some dispersal has occurred
after reintroduction efforts, suggesting a slow dispersal
and local colonization, (3) diverse dispersal limitations
still hamper range expansion, largely preventing the col-
onization of the majority of potentially suitable habitat;
and d) coupling of eDNA and SDM can be a powerful
active noninvasive, reliable management tool.
A. bipunctatus, once gone extinct from its native

haunts due to decreased water quality and straightening
of the water bodies that probably lead to habitat degra-
dation, has regained a lot of its former range in many of
the studied rivers. This may forebode a sustainable long-
term species establishment. Beyond the focal species
here, we recommend additional species reintroductions
at potentially suitable sites, involving continuous moni-
toring using eDNA and SDM to attain a good ecologi-
cal status of freshwater bodies as given by biotic indices
and demanded by WFD.
Our study highlights the potential of eDNA as a

robust monitoring technique to evaluate the reintroduc-
tion of a rare aquatic species. In particular to our model
species A. bipunctatus, our findings strongly encourage
to conduct additional reintroduction projects in a
broader geographical context to reach favorable conser-
vation status of the species and fulfill the criteria of a
“good ecological status” under the demands of the Euro-
pean WFD for riverine ecosystems in Hessen and other
Central European regions. Our results also underpin the
usefulness to combine eDNA with SDM in an iterative
approach in the context of reintroduction evaluation
and to guide future reintroduction action. We recom-
mend that more studies verify implementation of the
combined approach of eDNA and SDM to enhance the
success of species reintroductions.
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