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Abstract The ability to detect species at low den-
sities, greatly improves the success of management
action on alien invasive species and decreases their
possible impact on ecosystems. In the last two
decades, exotic Chinook salmon (Oncorhynchus
tshawytscha) have established populations in both
Pacific and Atlantic river basins of Patagonia. The last
established populations have been reported in the
extreme south of Patagonia, on the island of Tierra del
Fuego (TDF). The relatively recent appearance of
Chinook salmon in TDF and the great phenotypic
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plasticity of this species, make it necessary to study
their distribution and expansion as soon as possible,
since they have the potential to negatively impact on
native ecosystems. With the objective of knowing the
current distribution status of exotic Chinook salmon in
TDF, we optimized and implemented a detection
method based on environmental DNA (eDNA). First,
we designed Chinook salmon-specific primers, with
no cross-amplification, using DNA from other species
that are living at the same environment. Second, we
validated the primers in situ by detecting Chinook
salmon DNA from natural environments at the same
time that we performed a conventional survey using an
electrofishing survey method. Finally, we collected
water samples from 10 river basins and one estuary
within TDF and one river basin from Isla de los
Estados (IE) and performed single-species real-time
PCR assays. We were able to detect Chinook salmon
DNA from 5 basins and from the estuary in TDF.
These eDNA-based results allowed us to confirm the
expansion of exotic Chinook salmon since they were
first reported in TDF.

Keywords Non-native species - Alien invasive

species - Salmonids - eDNA - South America - Tierra
del Fuego
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Introduction

Alien invasive species (AIS) are one of the major
causes of biodiversity loss and global homogenization
(Vitousek et al. 1997; Ehrenfeld 2010). Once an AIS
becomes established, costs of control can be extremely
high and complete eradication is not always achieved
(Dejean et al. 2012). In the early stages after their
introduction, AIS often occur at low densities, making
them hard to detect. If the detection method that is
used is not sensitive enough, then detection may only
be possible once the species is already well established
(Myers et al. 2000). The ability to detect an AIS at low
densities deeply determines the success of an eradi-
cation operation, decreases the costs of control and
reduces its impact on ecosystems (Mehta et al. 2007).

Environmental DNA (eDNA) is a relatively new
approach that is used to monitor the distribution of
species. Using this method, it is possible to detect
species without actually seeing or catching them
(Herder et al. 2014; Taberlet et al. 2018). This method
is particularly advantageous since it increases the
chance of early detection of AIS and it has already
been successfully applied in several groups of aquatic
species, such as amphibians (Dejean et al. 2012),
reptiles (Piaggio et al. 2014), crustaceans (Tréguier
et al. 2014), and fish (Takahara et al. 2013; Fernandez
et al. 2018).

The introduction of fish has been a common
practice throughout the world, with sport fishing and
aquaculture as the main objectives (Leprieur et al.
2008). In Patagonia, several salmonids that are native
to the Northern Hemisphere, such as brown trout
(Salmo trutta), rainbow trout (Oncorhynchus mykiss)
and brook trout (Salvelinus fontinalis), have been
introduced and successfully established almost a
century ago (Pascual et al. 2007, 2009). In contrast,
the Chinook salmon (Oncorhynchus tshawytscha)
invasion occurred due to the practice of free-ranching
and accidental escapes from aquaculture facilities in
Chile (Soto et al. 2001; Correa and Moran 2017). It is
known that there are several established Chinook
salmon populations in Northern Patagonia (39°S-
51°S) since 2000 (Correa and Gross 2008). In contrast,
the presence of the first established population of this
species in the extreme south of Patagonia (54°S), on
the Island of Tierra del Fuego (TDF), has been
recently reported (Ferniandez et al. 2010). At the
present time, two established populations have been
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described in TDF. One of the populations was
characterized as a fall-run population at the Lapataia
river (Fernandez et al. 2010) and the other population
was characterized as a spring-run population at the
Grande river (Chalde et al. 2016). Nevertheless,
according to Fernandez et al. (2010), approximately
30 other rivers have the potential to be invaded by
Chinook salmon.

The recent appearance of Chinook salmon on the
island of TDF makes it necessary to study their
distribution and expansion as soon as possible, since
they have the potential to negatively impact on native
ecosystems. For instance, trophic interactions have
been observed between Chinook salmon and both
freshwater and marine native species in Patagonia
(Ciancio et al. 2008; Di Prinzio and Arismendi 2018).
In addition, since Chinook salmon are an anadromous
and semelparous species, they supply marine derived
nutrients into rivers, disturbing natural cycles and
balances (Soto et al. 2007; Arismendi and Soto 2012).

In this study, we optimized an eDNA-based method
for improving detection and thus refining the known
distribution of Chinook salmon in South Patagonia.
Our work included: (1) designing of Chinook salmon-
specific primers; (2) validation of the primers in silico,
in vitro and in situ with the aim of testing their
specificity and ability to amplify Chinook salmon
DNA from water samples; (3) collection of water
samples from river basins covering the four hydro-
logical regions described in TDF; and (4) the detection
of Chinook salmon DNA from environmental samples
by real-time PCR. Additionally, we compared the
eDNA-based results to historical captures of Chinook
salmon in TDF.

Materials and methods
Design of Chinook salmon primers

We designed two sets of primers on the mitochondrial
genome of Chinook salmon using Primer 3.0 software
(Koressaar and Remm 2007; Untergasser et al. 2012)
(See Online Resource 1). The first set was designed on
the cytochrome oxidase subunit I gene (COI; Acces-
sion Number KU867892.1), being the COI Fw 5'-
agaaccatttgggtacatggga-3’ and the COI Rv 5'-aagtag-
gcacgagtgtcaac-3’. The second set was designed on a
section that included the end of the D-loop region, and
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the tRNA-Phe and 12S rRNA genes (AN AF392054.1
966-1145): D-loop Fw 5'-cattttcccgectaacccac-3' and
12S Rv 5'-gcaggggattaagggcatcc-3'. These primers
were tested using the Oligo Analyzer 3.1 tool that is
included on the Integrated DNA Technologies web-
page (http://eu.idtdna.com/calc/analyzer) in order to
check their functionality for real-time PCR assay.

Validation of primers

The validation of primers was achieved using in silico,
in vitro and in situ analysis as proposed by Goldberg
et al. (2016). First, an in silico analysis was performed
using the primer BLAST tool of the National Center
for Biotechnology Information Search (https://www.
ncbi.nlm.nih.gov//tools/primer-blast/). There were
three native species included in the analysis: puyen
(Galaxias maculatus and G. platei) and lamprey
(Geotria australis) and four exotic salmonids: Chi-
nook salmon, rainbow trout, brown trout and brook
trout; they corresponded to the overall fish species
reported in the area (Cussac et al. 2016). Although not
observed since reported by Moreno and Jara (1984),
Aplochiton taeniatus and A. zebra were also added to
the in silico analysis.

For in vitro analysis, total DNA was extracted from
muscle of our target species and co-occurring non-
target species by the salting-out purification method
(Miller et al. 1988). DNA samples were quantified
using a Qubit 3.0 fluorimeter (Invitrogen, Ther-
mokFisher Scientific) and DNA quality was assessed
by amplifying the COI gene using universal primers
reported by Ward et al. (2005) with modification,
being the forward primer 5'-tcracyaaycayaaagayatyg-
gcac-3' and the reverse primer 5'-takacytcwgggtgdc-
craaraayca-3’. The limit of detection of target DNA
was established by running a dilution series of a
known amount of template (ranging from 2 x 107" to
2 x 107° ng/uL). A dilution of 2 x 10~ ng/uL was
used for target and non-target templates in the
specificity analysis and four controls were established
in order to check for cross-amplification (Fig. 1). The
amplification reactions were performed in triplicate
using real-time PCR and a StepOne™ real-time PCR
system equipment (Applied Biosystems) in a total
volume of 15 pL; including 1X iTaq SYBR Green
supermix (Bio-Rad); 0.15 pM of the COI primers or
0.45 uM of D-loop and 128 primers and 1 pL of each
template. When more than one template was added,

the final volume was adjusted with distilled water. The
PCR conditions included a touch-down step for
increasing specificity as follows: 95 °C for 5 min
followed by a denaturation step at 94 °C for 15 s, and
an annealing/extension step at 65 °C for 1 min.
During the first 10 cycles, the annealing temperature
was decreased by 0.5 °C every cycle, followed by 30
additional cycles at 60 °C. At the end of the ampli-
fication reaction, a melting curve from 60 °C to 95 °C
at 0.3 °C increments was performed. A cycle thresh-
old (Ct) analysis was performed and PCR products
were visualized in 2% low EEO agarose gels. The
sequence from the specificity control was verified at
the Macrogen Korea sequencing service.

Aquarium experiment and field sampling
for validation of primers in situ

Juveniles of Chinook salmon were reared in a 100 L
aquarium at 10 °C. After 1 week, 1 L of water was
collected. All aquarium equipment was sterilized by
spraying with bleach solution (20% v/v) and rinsed
with distilled water prior to use. To confirm the
absence of fish DNA in the aquariums prior to the
experiment, 1 L of water was also taken before the
introduction of fish. We obtained a unique melting
curve using real-time PCR and the eDNA collected
from the aquarium. The Tm was £ 0.03 °C in com-
parison to that obtained for the positive control.

For in situ validation, 1 L of water was collected on
November 15th with sterile bottles from two sites
separated from each other by 800 m, in the Lapataia
river at the TDF National Park. The downstream site
was located just below the juvenile rearing area for
Chinook salmon as described by Chalde and Fernan-
dez (2017). The upstream site was located in an area
that it is known to be used only sporadically by
Chinook migrants (Chalde and Fernandez 2017). In
addition, 1 L of water was collected on November 20th
from a river where the target species is known to be
absent (Lasifashaj up) (Fig. 2). After the water
samples were taken, electrofishing surveys (LR-24
Electrofisher, Smith Root Inc, WA, USA) were
performed in order to confirm the presence of Chinook
salmon at these sites.
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Fig. 1 Primers specificity analysis performed by real time PCR with Chinook salmon set of primers and target and non-target DNA as
template/s. MK: mass molecular standard; the thick band corresponds to the 250 bp amplicon. Arrow indicates the primer dimers

Study area and water sampling for distribution
analysis of Chinook salmon

A total of 20 environmental water samples were
collected using sterile bottles (1 L per site), following
the procedure for avoiding contamination, as described
by Carim et al. (2015) (Table 1 and Fig. 2). Sample
sites were distributed along 13 streams (10 river basins)
and 1 estuary bay, covering the four hydrological
regions in TDF as described by Iturraspe and Urciuolo
(2000). Samples were taken from the top 30 cm of the
water column in wadeable run channel units. Water
samples were maintained at 4-8 °C and filtered within
the next 24 h. Five of the river basins discharge into the
Beagle Channel (54.5°S) and another five of the river
basins discharge into the Atlantic Ocean (53.4°S—
54.5°S). The estuary is a small bay in the Beagle
Channel where the Varela river and two small creeks
discharge. In addition, five sites were sampled from IE.
These were located on the same river basin, flowing to
the south (54.5°S), including one sampling point at the
Villordo lake. TDF samples were taken during spring
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2017 (October-November) and IE samples during
summer 2017 (December).

eDNA extraction

Water samples were filtered using disposable sterile
filter units of cellulose nitrate with 0.45-um pore size
until the full volume passed through or the filter was
clogged. Filters were stored individually at — 80 °C
until DNA extraction. eDNA was extracted using
QIAShredder and Qiagen’s DNeasy Blood & Tissue
Kits (Qiagen GmbH, Hilden, Germany) following the
manufacturer’s protocol with minor modifications,
according to Goldberg et al. (2011). One half of the
filter was used for extraction and the remaining half
was kept at — 80 °C. Final elutes were stored in 100
pL of AE buffer, included in the kit. In all cases,
eDNA extractions were performed under sterile con-
ditions, in a laboratory unit that was exposed period-
ically to UV-light and where no other tissue samples
were manipulated. To ensure that the process was
correct, 1 L milliQ water was filtrated and included in
all eDNA analyses to confirm that contamination did
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Fig. 2 Estimated presence/non-detection of Chinook salmon
(O. tshawytscha) in the study area based on the detection of
environmental DNA (eDNA). Red and gray circles indicate

not occur during the filtration or the DNA extraction
process.

eDNA analysis and amplification

Environmental samples were analyzed for the possible
presence of inhibitors of the PCR reaction according to
Herder et al. (2014). In briefly, 1 pL of three different
dilutions (1:10; 1:20 and 1:40) of the eDNA samples
and an internal positive control were mixed in a tube.
A real-time PCR was performed in order to amplify
the internal positive control (IPC). Samples were

presence and non-detection of Chinook salmon, respectively.
Based on Iturraspe and Urciuolo (2000)

considered inhibition-free when the amplification plot
of the IPC in the presence of the eDNA was
comparable to that observed in the positive control
(IPC without eDNA).

Since eDNA samples were highly diluted (up to
1:40), with respect to avoiding inhibition an amplifi-
cation control, was also performed. For this, we
designed a set of primers that amplify a fragment of
169 bp of the ribulose-1,5-bisphosphate carboxylase
gene (rcbl) of several diatoms inhabiting the area
(Espinosa 2008); being the forward primer 5'-gtgaat-
accaccagaagcaaca-3’ and the reverse primer 5'-
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Table 1 Results of the eDNA-based method and historical data on detection of Chinook salmon. The sampling sites correspond to
Tierra del Fuego and Isla de los Estados (IE)

Site Habitat  Position Distance from mouth (km) Template dilution ~eDNA detection  Historical records®

Lapataia River 54°50'37"S 0.5 1:10 + 3
68°33'44"W

Lasifashaj River 54°52/22"S 3.0 1:40 + 0
67°23'36"W

Varela River 54°52'31"S 2.0 1:20 - 0
67°18'8"W

Varela Bay 54°52'13"S - 1:10 + 2
67°16'33"W

Cambaceres River 54°52'55"S 0.8 1:20 + 0
67°14'20"W

Moat River 54°58'4"S 0.8 1:20 — 1
66°44'30"W

Irigoyen up River 54°31'17"S 9.5 1:20 + 0
66°22'52"W

Irigoyen down  River 54°30'54"S 0.4 1:10 + 1
66°17'33"W

Pirinaica River 54°14'50"S 11.5 1:20 - 0
66°57'58"W

Asturiana® River 54°15'20"S 128 1:20 - 0
66°56'28"W

Ewan River 54°12'22"S 20.5 1:10 — 0
67°12'55"W

Grande River 53°50'10"S 14.7 1:20 + 3
67°47'34"W

Candelaria® River 53°51'49"S 15.5 1:40 + 2
67°50'29"W

Rasmussen® River 53°54'33"S 71.5 1:10 + 2
68°28'10"W

Chico River 53°40/25"S 10.2 1:40 - 1
67°56'7T"W

Villordo? Lake 54°49'51"S 3.0 1:20 - NPD
64°38'55"W

IE 14 Creek 54°50'7"S 0.1 1:20 - NPD
64°38'34"W

IE 24 Creek 54°50'27"S 1.7 1:20 - NPD
64°38'54"W

IE 34 Creek 54°50/35"S 0.4 1:20 - NPD
64°38'34"W

IE 44 Creek 54°50/35"S 1.4 1:20 - NPD
64°38'59"W

NPD no previous data

“Data recorded since 2006 by electrofishing, seine net, gill net, direct observation and angler fishing. 0: not observed; 1: single adult;
2: juveniles; 3: spawning adults and juveniles

bTributary of Pirinaica river
“Tributary of Grande river

dSame basin

@ Springer
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cgctggtacagttgttggtaaa-3’. The amplification reaction
was performed in a total volume of 15 pL, including
1X iTaq SYBR Green supermix (Bio-Rad); 0.5 pM of
each primer and 1 pL of diluted eDNA. Cycling
conditions included a first denaturation step at 95 °C
for 10 min and 40 cycles of a denaturation step at
95 °C for 15 s and an annealing/extension step at
60 °C for 1 min.

For the amplification of the environmental samples, a
five-point standard calibration curve was performed
with Chinook salmon DNA as template, including a
serial dilution from 0.2 to 2 x 107> ng/uL to estimate
the amplification efficiency of the primer pair. The
standard calibration curve fitted the equation
y = — 3.721x + 18.851, R?> =0.978. Primers effi-
ciency was 85-87%. Conditions of real-time PCR
reaction were as previously described for this set of
primers with the exception that 35 cycles were used
when annealing temperature reached 60 °C. Each
reaction was performed in a quintupled manner,
including a negative water control in each run. One
micro liter of the diluted environmental sample was
added as template (Table 1). Amplification of at least
two of the real-time PCR replicates, accompanied by a
melting curve that is consistent with Chinook salmon
DNA (Tm = 78.58-78.88 °C) and sequencing at the
Macrogen Korea service, were required in order to
identify a positive detection of the species. Furthermore,
every positive environmental sequence was matched
against the nucleotide database of the National Centre
for Biotechnology Information (NCBI, http://www.
ncbi.nlm.nih.gov/) using BLASTn (Basic Local Align-
ment Search Tool) to verify the species specificity. After
obtaining Chinook salmon as a complete match, two
additional species matched with 96% of sequence
identity: Oncorhynchus kisutch and O. masou. In order
to corroborate that the environmental amplicons did
indeed correspond to Chinook salmon, an alignment
was performed between the environmental amplicons
and the sequence of the COI gene of the target and the
two additional species (Online Resource 2). Those
positions that matched with the target, but were different
in the O. kisutch and O. masou, were corroborated by
analyzing each chromatogram.

Results
Chinook salmon primers design and validation

Two sets of primers were designed and analyzed for
specific Chinook salmon amplification. The target
regions were selected after performing an alignment
between Chinook salmon and rainbow trout mito-
chondrion genomes (both Oncorhynchus) (See Online
Resource 1). In order to assess the reliability and
specificity of the primers, in silico, in vitro and in situ
analyses were performed in accordance with Goldberg
et al. (2016). Even though two set of primers were
designed, only the specific primer set that was
designed on the COI gene was further used to analyze
the distribution of Chinook salmon, since it passed all
the validation steps. The alternative set of primers (Fw
D-loop, Rv 12S) failed at the in situ validation step
(See Online Resource 3).

In silico analysis

A primer-BLAST search was conducted with the COI
primers and this showed a 100% identity with Chinook
salmon, amplifying a 120 bp fragment. Although
primers showed partial alignment with lamprey mito-
chondrion genome, there were five miss-matches at
the forward primer, including one at the 3’ end, and
three additional miss matches at the reverse primer.

In vitro analysis

A Chinook salmon COI primer pair was tested in vitro
against tissue samples of all the co-occurring non-
target fish species, with no false positives due to cross-
species amplification. Figure 1 shows the four con-
trols performed and the 120 bp amplified band
obtained in both cases: when the only template was
Chinook salmon DNA (4C) and when a mix of all
templates was added to the tube (specificity control;
SC). No amplification was observed in the non-
specific control (nSC), where all DNAs were present
except for the target DNA. The SC amplicon was
sequenced and corresponded to a Chinook salmon COI
sequence with a 99% certainty of identity. No
significant interferences at the Ct values were
observed when all the DNAs were present in compar-
ison to the Ct values obtained in the +C.
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In situ analysis

COI primers passed the in situ validation step since we
detected Chinook salmon DNA in the downstream site
of the Lapataia river, and we also observed the target
species after the electrofishing survey. In the upstream
site, Chinook salmon were only detected by eDNA.
Finally, In Lasifashaj up river, no detection of the
species was observed by either of the two methods.
The latter site is not accessible to Chinook salmon due
to a waterfall that prevents access by this species. All
positives detections were corroborated by sequencing.

Environmental DNA amplification control

A total of 20 water samples were collected from TDF
and Isla de los Estados (IE). These environmental
samples were analyzed for the possible presence of
inhibitors of the PCR reaction and some of the samples
were highly diluted in order to overcome inhibition
(Table 1). For this reason, we established an addi-
tional control that aimed to know whether the DNA of
the diluted samples was still functional. This control
consisted in the amplification of a fragment of the
ribulose- 1,5-bisphosphate carboxylase gene (rcbl) of
several diatoms that are abundant in freshwater and
brackish environments in TDF (Espinosa 2008) and IE
(Ponce and Fernandez 2014). Every diluted environ-
mental sample was subjected to this control, and only
samples with no inhibition signs and that were positive
for rcbl amplification were further used for Chinook
salmon presence/non-detection analysis.

Chinook salmon detection and distribution
analysis

We detected Chinook salmon DNA at 9 of the 20 sites
that were sampled. Based on our results, we present a
plot of the distribution of Chinook salmon in our study
area (Fig. 2). The 9 positive sites correspond to three
river basins flowing into the Beagle Channel (Lap-
ataia, Lasifashaj and Cambaceres), two river basins
flowing into the Atlantic Ocean (Irigoyen and
Grande), and one estuary (Varela Bay). Chinook
salmon DNA was also detected in two tributaries of
Grande river: Candelaria and Rasmussen. The five
sites sampled at IE were negative for the presence of
Chinook salmon. All positive sequences were con-
firmed as being Chinook salmon.

@ Springer

Discussion

We optimized a method for determining the presence
of exotic Chinook salmon based on the detection of
eDNA in water samples. For this, we performed a
species-specific real-time PCR assay by targeting a
120 bp sequence of the COI region of Chinook
salmon. This region has been targeted and sequenced
for a wide range of organisms for DNA barcoding
(Hebert et al. 2003), including salmon and trout
species (Oncorhynchus and Salmo) (Rasmussen et al.
2009). In addition, the COI region has been widely
used for detecting fish species by using eDNA
(Dougherty et al. 2016; Laramie et al. 2015; Atkinson
et al. 2018). There are previous studies that success-
fully designed eDNA-based assays to detect Chinook
salmon by using real-time PCR (Brandl et al. 2015;
Laramie et al. 2015). However, eDNA-based assays
should be designed and tested for every application in
a defined geographic area, thereby considering the
closely-related, co-occurring species whose DNA may
be present in the environmental samples (Goldberg
et al. 2016).

A critical issue when optimizing this eDNA-based
method was the detection of inhibitors of the PCR
reaction in the environmental samples. These inhibi-
tors are usually co-extracted with the eDNA (McKee
et al. 2015) and they interact with the PCR by binding
to DNA (humic acid), or they prohibit the binding of
DNA polymerase (tannins) (Opel et al. 2010). PCR
inhibitors may result in false-negative results, thus
their presence should be investigated. Here, we
observed that diluting the environmental samples
was effective with respect to overcoming inhibition,
as previously reported (Goldberg et al. 2013; Biggs
et al. 2015; McKee et al. 2015). However, in most of
the reported eDNA studies, the amounts of environ-
mental sample used as template for the PCR assay
ranged from 1 to 10 pL of the stock eDNA (Rees et al.
2014), while we used higher dilutions of eDNA as
template (up to 1 pL of 1:40; Table 1). Thus, in order
to avoid false negatives because of excessive dilution,
we developed an eDNA amplification control by
detecting a fragment of the rcbl gene of common
diatoms at the area. This additional control allowed us
to suppose that non-detection results were not due to
excessive dilution of the environmental DNA.

In this work, 20 sites were sampled within TDF and
IE. Table 1 summarizes the eDNA-based results
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obtained here and also includes historical detections of
Chinook salmon by traditional methods since the
beginning of the invasion, 12 years ago. We detected
Chinook salmon DNA in environmental samples from
rivers where the species had been previously reported
and also from rivers with no previous data on Chinook
salmon presence (Table 1). Lapataia and Grande
basins were positive for eDNA Chinook salmon
detection, which is in concordance with previous data
regarding the establishment of reproductive popula-
tions at these sites (Fernandez et al. 2010; Chalde et al.
2016). In addition, there have been proven reports of
Chinook salmon that were captured by anglers in Moat
river and Chico river. However, our results showed
“non-detection” of this species by eDNA in both sites.
This could be explained if we considered the fact that
those previous reports correspond to a single specimen
that was captured in each of these rivers since 2006. In
this sense, it is probable that the individuals that were
observed may have been Chinook salmon that were
sporadically passing through those sites.

The eDNA approach developed here provides
additional data on the presence of Chinook salmon
in sites where they have never been reported before
(Lasifashaj and Cambaceres rivers and Varela Bay)
(Table 1). Previous reports propose that Chinook
salmon established fall-run populations in basins
flowing into the Beagle Channel (Fernandez et al.
2010; Chalde and Fernandez 2017). Taking this into
account, we suggest that the Chinook salmon DNA
detected in Lasifashaj and Cambaceres rivers would
belong to juvenile fish, since water samples were taken
during the spring, when fall-run adults should not be at
the river. Therefore, future surveys should focus on
these rivers in order to confirm spawning activity.

The establishment of a self-sustaining population is
an important factor in assessing the biological impacts
of the presence of exotic species (Naylor et al. 2005).
Thus, it is critical to determine whether the detected
DNA corresponds to juveniles or adults. This is not
possible to achieve by eDNA-based methods, since
there are no differences in genetic composition at
different life stages. However, eDNA-based tech-
niques could be used as a relatively quick and
inexpensive tool for generating data on a species
presence and distribution at large and/or inaccessible
sampling areas, since water sampling requires basic
equipment (plastic bottle, wader and gloves) and is
easy to carry out. As an example, the cost per eDNA

sample in Argentina ranges between USD 18 and USD
20, including the sterile bottle, the filter, and both kits
for DNA extraction. Thus, the eDNA technique would
be a useful tool for surveying aquatic systems
thoroughly. Then, according to the results obtained,
surveys with complementary techniques could be
performed at specific locations (Rees et al. 2014), as
we propose here for Lasifashaj and Cambaceres rivers.

Basins in TDF may be classified into four types
based on vegetation, hydrological homogeneity and
geomorphological climatic factors: basins of the
steppe, transition basins, mountain range basins and
basins of peatland (Iturraspe and Urciuolo 2000). All
sites that were sampled in this work to determine the
presence of Chinook salmon comprise the four types
of basins that were previously described. Thus, it can
be observed that the expansion of Chinook salmon has
reached several basins of the mountain range as well as
those basins of the transition type (Fig. 2). It is known
that Chinook salmon show significant phenotypic
plasticity, which allows this species to rapidly adapt to
different environments (Healey 1991). This would be
in agreement with the expansion of Chinook salmon
that was observed in this work.

Isla de los Estados is a protected area that is
separated, by a distance of 30 km from the southeast of
the TDF Island, by the Le Maire Strait and is
considered one of the most inhospitable islands in
the world (Ponce and Fernandez 2014). There is only
one report of fish distribution in IE, where the author
describes the puyen as the single species found on the
island (Gosztonyi 1970). It is noteworthy that even
though non-detection of Chinook salmon DNA was
achieved, to our knowledge this is the first effort made
to study the presence of fish in IE since then.

In conclusion, the eDNA-based method that is
optimized in the present study, allowed us to develop
an updated Chinook salmon distribution map that
shows an expansive behavior of this species since it
was reported (Fernandez et al. 2010; Chalde and
Fernandez 2017). Additionally, this eDNA technique
could be used to monitor the expansion of Chinook
salmon in southern Patagonia and also to determine
the current state of invasion of this species in northern
Patagonia. However, since the COI primers validated
here partially match with two additional species of the
Oncorhynchus genus; the environmental amplicons
should be sequenced to confirm the species. This is
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particularly important in northern Patagonia, where O.
masou has been reported (Pascual et al. 2002).
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