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Laboratorio de Ecología Molecular de Vertebrados Acuáticos (LEMVA), Departamento de Ciencias Biológicas, Universidad

de Los Andes, Bogotá, Colombia

Environmental DNA metabarcoding is a tool with increasing use worldwide. The uses

of such technology have been validated several times for diversity census, invasive

species detection, and endangered/cryptic/elusive species detection and monitoring.

With the help of this technology, water samples collected (n = 37) from several main

river basins and other water bodies of the northern part of Colombia, including the

Magdalena, Sinú, Atrato, and San Jorge river basins, were filtered and analyzed and

processed using universal 12S primers for vertebrate fauna and NGS. Over 200 native

taxa were detected, the majority of them being fish species but also including amphibia,

reptiles, and several non-aquatic species of birds and mammals (around 78, 3, 2, 9,

and 8%, respectively). Among the matches, vulnerable, and endangered species such

as the catfish Pseudoplatystoma magdaleniatum and the Antillean manatee (Trichechus

manatus) were detected. The manual revision of the data revealed some geographical

incongruencies in classification. No invasive species were detected in the filters. This is,

to our knowledge, the first time this technique is used in rivers of the country and this

tool promises to bring advances in monitoring and conservation efforts, since its low cost

and fast deployment allows for sampling in small periods of time, together with the fact

that it can detect a wide range of species, allows for a new way of censing the vertebrate

diversity in Colombia. Diversity analysis showed how the species identified using this

method point to expected community structure although still much needs to be improved

in rates of detection and genomic reference databases. This technique could be used in

citizen science projects involving local communities in these regions.

Keywords: eDNA metabarcoding, vertebrates, fish communities, Colombia, Magdalena river, Atrato river

INTRODUCTION

The term environmental DNA (eDNA) has been used to make reference to the DNA collected from
microbial organisms in sediments (Ogram et al., 1987). However with the development of better
tools for sequencing and analyzing large amounts of information it was possible to adapt both the
technique and the definition to all the DNA found in large environmental samples, both for micro
andmacroorganisms (Venter et al., 2004; Ficetola et al., 2008). Samples nowmay come from a wide
variety of sources including water, soil, air and feces but most studies have focused on water samples
(Drummond et al., 2015; Johnson et al., 2019; Sousa et al., 2019; Yates et al., 2019).
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Although it existed well-before this millennium (Ogram et al.,
1987), most of the development of this technique (environmental
DNA analyses from water samples) occurred in the last 15 years
and is already showing important results for species detection
and diversity analysis (Ficetola et al., 2008; Jerde et al., 2011;
Phalen et al., 2011; Hunter et al., 2015, 2018; Bakker et al., 2017;
Castelblanco-Martínez et al., 2018; Tsuji et al., 2019; Yates et al.,
2019). Most of these studies have been performed in Europe,
Japan or North America (Myers et al., 2000; Arbeláez-Cortés,
2013; Habel et al., 2019). However, the most biodiverse areas in
the planet are in developing countries (Myers et al., 2000) and
little representation of these places is found among eDNA studies
(Sales et al., 2019).

Studying the diversity of an area has always been troublesome,
particularly when such areas are of difficult access. The
Colombian biodiversity began to be studied with the royal
botanical expedition of the New Granada in the late eighteenth
century and have been occurring to this day. Increased
knowledge has been available in later years by having higher
access to previously unreachable locations (due to environmental
conditions and safety concerns) and expanding the basis of
biological knowledge through biodiversity inventories (Ayala
López et al., 2018). While there is a high interest in reaching
and studying all the regions of Colombia, keeping updated data
from every corner of the country has been a less valued objective.
Time, funding, and trained personnel are required in order
for these tasks to be completed, and these factors are not as
in developed countries. Basic abundance and distribution data
remains relevant regardless of the place for reasons including
protected areas research and evaluation of human impact on
ecosystems evaluation (Pearce and Boyce, 2006; Leathwick et al.,
2008; Bakker et al., 2017).

Environmental DNA metagenomics analysis has helped in
the study of entire communities (Handley et al., 2019; Nichols
and Marko, 2019), specific taxonomic groups (Ostberg et al.,
2019), rare/cryptic species (Sakai et al., 2019), vulnerable species
(Hunter et al., 2018), and also invasive species (Hunter et al.,
2015; Robinson et al., 2019) making it an ideal tool to
work on distribution censuses of many taxa. Presence/absence
measures are now possible but abundance measures are still
not entirely achievable since correct estimations of abundance
based on eDNA are not precise enough currently, due to primer
sensitivity to target DNA, seasonal variation of eDNA and
environmental factors that diminish the correlation between
eDNA and abundance (Bylemans et al., 2019; Yates et al., 2019).

For many regions of Colombia, eDNA metabarcoding may
be a reliable source of initial information to improve existing
biodiversity information by updating or completing it. The
easiness with which this technique can be applied in a waterbody
could help biologist, local governments, local communities, and
NGOs to better understand the natural treasure found in these
places. However, since there is only one previous study with this
technique in Colombia [focused on tropical reef fish (Polanco
Fernández et al., 2020)], much of the information will be hard
to compare even with previously obtained data since there
is not much genetic information available and databases with
said information for comparisons may be incomplete. Other

challenges include the physical and chemical properties of the
water itself and the preservation methods used in order to obtain
good results (Strickler et al., 2015; Sales et al., 2019; Tsuji et al.,
2019).

With all of the above in mind, we present initial information
on data collected of several water bodies from four river basins
in the northern part of Colombia. The general objective was
to collect the first diversity data using eDNA metabarcoding
in rivers and water bodies from northern Colombia and to
explore its opportunities to detect rare, endangered, invasive and
cryptic species.

METHODS

Sampling Locations
Two field trips were made in 2019 to the Magdalena, San Jorge
and Sinú river basins and to the Atrato river basin (from July 11th
to July 20th and October 31st to November 4th, respectively).
The chosen places consisted of water bodies and rivers from the
four main river basins in northern Colombia-Caribbean region.
Several locations required access via canoe or other type of
aquatic transportation since all samples were collected from a
boat. Figure 1 presents sampling locations in three main river
basins of northern Colombia. Additionally, saltwater samples
were taken at Cispatá Bay, and a positive control was made at
the lake in the Number 1 marine infantry mobility battalion, for
known communities. Figure 2 presents the four locations where
sampling was made in the gulf of Urabá with samples from the
Atrato river basin.

Sample Collection
At each sampling location, up to seven, one-liter (1 L) subsamples
of water were pooled in a bucket covered with a sterile plastic
bag. Each sample was taken from surface water or up to 1m
depth using a plastic bottle and sterile gloves avoiding the contact
of skin with the water to avoid human DNA contamination.
Each subsample was collected either 50–200m upstream when
in narrow water channels and rivers or in an area of ∼1 km
around in a circular transect when in wider water bodies (i.e.,
swamps). The bottle and bucket were disinfected with 70%
alcohol thoroughly (bleach or a more concentrated alcohol were
not available at many places and their transport was not viable
for many locations) to prevent cross contamination. After taking
each sample, the plastic bag was changed for each sampling
event to prevent the mixing of water in the bucket. Once all
the subsamples were taken the process of filtration began using
NatureMetrics eDNA collection kit. The water went through a
0.8 um pore size filter inside a plastic disk until it was clogged,
point at which total filtered volume was measured and the kits
preservative was added to the filters in order to avoid DNA
degradation. Between one and four disks were taken per sampling
event due to limited funding to purchase additional filters. Filters
were stored in their respective envelopes and later after collection
was ended, kept cool in Styrofoam fridges with ice packs until
their shipping to NatureMetrics laboratory facilities in England
for analysis.
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FIGURE 1 | Northern Colombia sampling places: Twenty-five (25) eDNA filters were collected across 10 locations in the central northern region of Colombia. The first

three places belong to the middle Magdalena basin. The Chucuri swamp (1) and the San Juan River (2) used 3 filters while the Paredes swamp (3) was sampled with

four filters. Samples 4 to 7 belong to the Canal del Dique region where the Magdalena river is deviated from its natural flow. Samples were taken directly in the canal

(5) in two of the adjacent and connected swamps (4 and 6) and an artificial lake in the Nr 1 marine infantry mobility battalion (7) for a total of 6 filters between all these

places. Sample 8 corresponds to the Lorica swamp (Sinú river basin), sample 9 to the Cispatá bay and sample 10 to the Ayapel swamp as part of the San Jorge river

basin (3 filters each).

Sample Processing
Once the filters arrived in the laboratory, DNA was extracted
and purified from each filter using DNeasy Blood and tissue
kits (Quiagen). Twelve replicate PCRs for the hyper variable

region of the 12S rRNA gene with vertebrate primers (Riaz et al.,
2011) were run for each sample/filter. Positive controls were
made alongside regular PCRs using mock communities of known
non-native fish composition in order to verify sequence quality
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FIGURE 2 | Gulf of Urabá sampling places: 12 filters were collected in the Gulf of Urabá. The first three were taken on one of the Atrato river arms near its end (11),

the next four were taken in the Suriquí river and its secondary channels (12), other four filters were used at the Marriaga swamp (13) and the last filter was used near

the Rio Negro Cove in the northeastern part of the Gulf (14).

and also a negative control using only distilled water to detect
cross contamination if present. Success of the amplifications was
confirmed via gel electrophoresis. All amplicons were purified,
and adapters were added before pooling all replicates and
sequencing them using Illumina MiSeq at 12pM and a 10% PhiX
spike in (Miseq V2 2x250 cartridges were used for this process)
Sequences were processed using custom bioinformatic pipelines
for quality filtering, denoising, and clustering at 99% similarity.
Read pairs were merged with usearch v11 (Edgar, 2010) and only
keeping pairs with at least 80% agreement in the overlapping
region. Cutadapt 2.3 (Martin, 2011) was used to remove primers

and short sequences. Quality filter was performed with usearch
at an expected error rate of 0.001 and after that they were
dereplicated. For the denoising step, unoise was used (Edgar,
2016) and also were clustered at 99%. OTUs were taxonomically
assigned to species, genus, family order or class by searching
for similarities with the NCBI nucleotide database (GenBank)
and PROTAX. Species with matches of 99% or higher similarity
and no ambiguity were retained, and genus level matches went
through a similar process with matches at 95% similarity or
higher. Cases were multiple species were possible, manual check
of records of GBIF and IUCN were used to solve the ambiguity.
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OTUs that were ≥99% similar and hat similar co-occurrence
patterns were combined with LULU (Frøslev et al., 2017) and
OTUs were relative abundance in the sample was lower than
0.05% or <10 reads (whichever was the higher) were omitted.
Human and livestock sequences were also removed. A second run
of taxonomical analysis was made in order to search specially for
invasive species designated for the country according to current
law (Ministerio De Ambiente Territorial Vivienda Y Desarrollo,
2008; Ministerio De Ambiente Vivienda Y Desarrollo, 2010).

Statistical Analysis
R studio (RStudio Team, 2020) (R Project for Statistical
Computing, RRID:SCR_001905) version 3.6.0 was used to
perform correlation tests among variables of sampling and
results and to perform diversity analysis using the vegan package
(Oksanen et al., 2019). Diversity indexes (Shannon-Wienner and
Simpson) and statistical analysis were used to evaluate alpha
diversity and beta diversity was evaluated using Bray-Curtis
dissimilarity index. Since tetrapod detections were scarce and
not present at each sample unlike fish, community analysis
was performed on fish data only, at genus and species level to
compare results between detected data with basic geographic
corrections (genus level) and data with confirmed accuracy using
available data for the sampling locations (species level).

RESULTS

Sample and Sequencing Quality and
Identity
Thirty seven filters were collected at 15 different locations as
seen in Figures 1, 2. At each location up to 4 filters were
collected. For the 25 samples belonging to the Magdalena, San
Jorge and Sinú basins along with the samples from Cispatá bay
and the artificial small lake containing a known community
(sample 16), 2,695,309 sequences from northern Colombia and
620,828 aditional sequences from the gulf of Urabá were obtained
and went through taxonomic assignment resulting in 169 taxa
identified. Sixty one of the assigned taxa had a 99% or higher
similarity with species reference data and therefore could be
assigned up to the aforementioned level. Another 68 taxa could
be identified up to the genus level and for the remaining 40,
assignment was possible to either family or order (whichever
was the lowest possible). Of the 169 taxa, 133 were identified as
fish and this group was usually the most abundant taxa in each
sample. The remaining 36, belonged to amphibians (4 taxa), birds
(16 taxa), mammals (13 taxa), and reptiles (3). Sequencing depth
was higher than 10,000 sequences with the exception of the data
from samples 25–29 (Table 1).

For the remaining 12 samples taken from the Gulf of Urabá
and the Atrato river basin (Figure 2), results showed 89 taxa
detected in 620,828 high quality sequences. The distribution
of taxa between main vertebrate groups and between distinct
taxonomical categories followed a similar pattern to previous
results. Seventy taxa belonged to fish, three to amphibians, six
to birds, eight to mammals, and the remaining two were assigned
to reptiles. Of these taxa, 38 could be assigned to species level
and 29 more to genus level while the remaining 22 belonged to

family (12) and order (10). For both sets of samples, human DNA
contamination was present and ranged between 1 to 96.45%.

Community analyses were performed with detected genera
of fish (Figure 3A) and also using only OTUs that could be
identified to species and matched with previous reports for its
presence to contrast the original obtained data against revised
filtered information at the smallest taxonomic level possible
(Figure 3B). If a detected species did not match any of the
current information sources, geographical ranges were checked
to decide if it was plausible that it was a new detection (these
cases are elaborated further bellow in the discussions) or if it
was a misidentification due to genetic similarity to other more
plausible species. If this was the case, the detection was only
considered up to the genus level. Environmental DNA analysis
has been proved to be a reliable source of information for
fish communities (Handley et al., 2019; Li et al., 2019; Sales
et al., 2019), while other vertebrates detected in this study (i.e.,
tetrapods) still are mostly occasional detections and therefore
are not included in the community analysis. Nonetheless genera
and species of tetrapods detected for the sampling locations are
also displayed (Figures 4A,B). Alpha diversity was calculated
using Shannon and Simpsons indexes in vegan package (Oksanen
et al., 2019) in order to present them based on eDNA. Table 2
shows alpha diversity calculated for each of the 37 samples. After
testing normality for the samples, beta diversity analysis was
calculated using Bray-Curtis dissimilarity as seen in Figure 5.
Diversity analysis showed some significant differences at the
alpha level (Figures 6A,B). Significant differences were found
in both diversity indexes between the Paredes swamp and three
other locations: The Canal del Dique (p = 0.027), the Marriaga
Swamp (p= 0.029) and the Suriqui river (p= 0.029). Bray Curtis
dissimilarity pointed to the highest difference between saltwater
and freshwater locations, leaving the Cispata bay (location 9) and
the Rio Negro cove (location 14) in a separate branch to the
remaining sampling locations, even if they were geographically
closer (Figures 1, 2). The Battalion sample (location 7) was also
highly different to other locations and on the other extreme, the
San Juan river and the Chucurí swamp were the most similar
locations despite of the level of taxa used (Figure 5).

DISCUSSION

Many eDNA studies are coupled with traditional survey
techniques since there are still some doubts regarding the
usefulness and detection capacity of this technique, and to the fact
that false negatives are possible (Pinfield et al., 2019). Still, eDNA
as a cheap and efficient alternative for classic diversity census
must be explored. Some studies are beginning to only work with
filter information (Hunter et al., 2015; Bakker et al., 2017; Pinfield
et al., 2019). In this study a small, yet relevant (since it’s the one
of the first times it is done) number of eDNA samples were taken
in several water bodies of the northern Colombia. As expected,
most of the results were from fish taxa (Jeunen et al., 2020). The
other vertebrate groups showed also in smaller numbers.

Comparisons of the data generated in this study against
available data for these sampling regions (Aguilera, 2006;
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TABLE 1 | Water and DNA collection results: 37 samples of water were collected northern Colombia and filtered in order to extract the DNA and asses the quality of the

sample and to correlate it with Taxa detected (Figure 6).

Sample Total vol (ml) Filtered vol

(ml)

Detected

taxa

DNA (ng/ul) # of

sequences

# of OTUS

1 6,000 260 6 2.44 23,642 22

2 6,000 170 4 5.74 110,510 23

3 6,000 176 4 10.6 43,603 21

4 6,000 342 10 6.86 86,896 37

5 6,000 460 8 10.8 70,203 33

6 6,000 372 7 10.8 75,793 28

7 6,000 413 0 5.64 49,978 13

8 6,000 482 6 8.22 23,993 24

9 6,000 454 3 5.66 25,499 13

10 2,400 337 2 5.3 77,223 16

11 6,000 952 10 6.42 50,820 25

12 6,000 1,520 12 6.48 49,958 35

13 6,000 233 5 0.578 20,595 24

14 6,000 362 8 3.72 33,834 26

15 6,000 1,261 10 8.52 78,455 37

16 6,000 517 7 3.22 28,812 20

17 6,000 274 18 2.06 43,912 53

18 6,000 444 11 2.96 83,032 32

19 6,000 475 6 3.66 91,230 23

20 6,000 1,980 23 20 35,105 57

21 6,000 1,382 18 20 51,714 31

22 7,000 996 6 20 83,350 13

23 6,000 406 4 4.42 37,845 24

24 6,000 335 5 10.2 68,133 26

25 6,000 259 6 2.68 7,728 20

26 6,000 397 8 0.476 5,750 20

27 6,000 342 9 1.07 9,017 23

28 6,000 124 2 0.412 5,577 12

29 6,000 660 9 20.6 3,932 17

30 6,000 438 14 18.2 96,372 40

31 6,000 507 9 12 86,822 35

32 6,000 643 3 27.8 21,884 16

33 6,000 508 5 41 40,456 19

34 6,000 408 9 94.6 74,041 26

35 6,000 183 6 5.92 90,229 18

36 6,000 362 7 86.8 103,026 24

37 6,000 619 6 55.4 83,722 21

Usually 6 L of water were collected however samples 10 and 22 has different values due to special circumstances presented at the moment of sampling.

Maldonado-Ocampo et al., 2006; Mojica et al., 2006; Ríos-
Pulgarín et al., 2008; Mojica-Figueroa and Díaz-Olarte, 2016;
Arango-Sánchez et al., 2019) showed some degree of correlation
between available information from traditional sampling
techniques and information obtained from eDNA (Table 3). At
the genus level, around 60% of the recovered fish genera in the
filters matched available information sources and a quarter of the
species as well. It is worth mentioning that with the exception
of the two swamps (Paredes and Ayapel), the information used
to compare with the filters is not exactly of the designated
area but rather the smallest range possible that includes the

places sampled. In many cases detailed and updated diversity
studies for these locations are missing, since long term field
studies were not possible due to the internal conflict in the last
decades and therefore it should not be seen as a negative result
but rather the first on which to build further data obtained
using this method. The initially high differences contrasts with
studies comparing traditional sampling and eDNA filters, where
the species recovered with eDNA were close to be the same
amount (or even higher) that normal sampling methods found
for groups like fishes, corals and soil eDNA (Drummond et al.,
2015; Handley et al., 2019; Nichols and Marko, 2019). In most
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FIGURE 3 | Detected Northern Colombia fish communities: The figure shows every detected fish genera and species using eDNA metabarcoding. Colors don’t

represent similar lineages or taxa but rather are there to clearly differentiate. (A) Genera detected in the 37 filters used in this work. (B) Species detected in the 37

filters used in this work. Dique Cannel comprises sampling locations 4, 5, and 6.

Frontiers in Ecology and Evolution | www.frontiersin.org 7 January 2021 | Volume 8 | Article 617948

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Lozano Mojica and Caballero Environmental DNA in Colombian Basins

FIGURE 4 | Detected Tetrapods in Northern Colombia: The figure shows every detected tetrapod (A) genera in the 37 filters used in this work. (B) Detected tetrapod

species in the 37 filters collected in this work. The names showcased correspond to the sampling locations seen in (Figures 1, 2). Dique Channel comprises sampling

locations 4, 5, and 6.
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TABLE 2 | Alpha diversity indexes of Shannon and Simpson for each sampling

location. Indexes are based on detected fish genera.

Samples Water body Shannon Simpson

1–3 Chucuri Swamp 2.193 ± 0.111 0.887 ± 0.012

4–6 San Juan River 2.482 ± 0.083 0.916 ± 0.007

7–10 Paredes Swamp 1.784 ± 0.358 0.824 ± 0.061

11–15 Canal del Dique 2.569 ± 0.364 0.919 ± 0.026

17–19 Lorica Swamp 2.550 ± 0.346 0.918 ± 0.028

20–22 Cispata Bay 2.802 ± 0.648 0.929 ± 0.047

23–25 Ayapel Swamp 2.232 ± 0.060 0.892 ± 0.006

26–28 Atrato River 2.084 ± 0.477 0.866 ± 0.062

30–33 Suriqui River 2.677 ± 0.283 0.929 ± 0.019

34–37 Marriaga Swamp 2.521 ± 0.103 0.919 ± 0.008

A Kruskal–Wallis test for both indexes. Both cases showed significant differences (p =

0.047 for both cases) Samples 16 and 29 were omitted since one sample is not enough

for statistical analysis.

of these studies, multiple gene primers were designed and tested
and or the communities were much smaller in question like in
Handley et al. (2019) where the fish community consisted of a
total of 16 species where the only two undetected species were
lampreys and later the authors explained that these were not
detectable through the assay they were using.

Several reasons may explain this discrepancy between
datasets. As mentioned before, the fact that current information
is not specific for the studied areas in most cases, but instead
covers larger areas along these basins. Other studies also have
encountered problems to detect or assign sequences to species
due to issues such as the aforementioned lack of genetic
information but also others such as the current sequence and/or
specimen being classified to other species. Also there may be a
lack of enough genetic variation for the 12S region to separate
species (Cilleros et al., 2019; Sales et al., 2021). The most usual
solutions to this problems include the use of more than one
primer set so that more species can be recovered in the case
that some groups are either too genetically similar or do not
work well with one primer set (Polanco Fernández et al., 2020;
Sales et al., 2020b) or complementing it with other sampling
techniques (Cilleros et al., 2019). These solutions however raise
costs. Environmental DNA at the scale used in this study can be
a useful initial tool for “snapshotting” communities and regions
and once initial results are analyzed, further and deeper analysis
can be done focusing on specific groups where the 12S primer
fails to differentiate at a deeper more desired level, or coupling
it with net fishing, electrofishing, toxicants, or trap cameras
(Cilleros et al., 2019; Sales et al., 2020b).

The small volumes of filtered water could explain in part of the
lack of detection. The total filtered volume varied between 124
and 1,980ml (Table 1) with the mean being at 542ml. Figure 7
supports in part this idea, showing that there is a small but
significant correlation between filtered volume and total species
detected (R = 0.43, p = 0.0081) and also is in accordance with
literature (Leduc et al., 2019). Other studies used vacuum pumps
or peristaltic pumps instead of manual pumps or syringes like
the one used here, since it would increase the amount of filtered

FIGURE 5 | Fish communities of Northern Colombia: The figure shows the

beta diversity based on the Bray-Curties dissimilarity Index based on: (A)

Confirmed detected fish genera for all 37 filters used in this work. (B)

Confirmed detected fish species per filter. The names showcased correspond

to the sampling locations seen in (Figures 1, 2). Confirmed detected

genera/species indicate that the taxa has been detected both in eDNA filters

used for this study and are registered in literature or may be based on habitat

ranges. Dique Channel comprises sampling locations 4, 5, and 6.

water used (Hunter et al., 2015; Baker et al., 2018; Leduc et al.,
2019; Wineland et al., 2019).

False negatives are also a possibility also and have occurred
in other studies due to low amounts of target DNA in the water
(Pinfield et al., 2019). While this could explain lack of detection
for species that move long distances in rivers such as Trichechus
manatus, for fish in particular is not highly feasible to explain the
absence of many species. Besides, the 12S primers used in this
study an also other sets have shown to be effective for use in fish
(Bylemans et al., 2019; Li et al., 2019; Sales et al., 2019).

Upon further inspection of the data, particularly of species
detected by filters but not found in other information sources,
some geographical incongruences were detected. Some of the
species showed for the Urabá region are distributed solely in the
Pacific coast (such as Engraulis mordax or Caranx ignobilis) even
though the whole sampling was made in the Caribbean coast or
in rivers that eventually end in the Caribbean Sea. One possibility
is that this confusion derives from sister species split after the
Isthmus of Panama formed, allowing for allopatric speciation
(Rocha et al., 2008; Aguilar et al., 2019) but this must also be
treated carefully since as Rocha et al. (2008) points out, many of
the speciation events for the genus Haemulon occurred after the
closure of the Isthmus and so this could also be the case. Of the
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FIGURE 6 | Diversity indexes: Shannon’s diversity index between sampling places. Significant differences between sampling locations based on Shannon’s diversity

index. (A) and Simpson’s diversity index (B). Statistical differences for both indexes were detected (Wicoxons Rank Sum test) at an alpha of 0.05 were found between

Paredes swamp and the following: Canal del Dique, Marriaga Swamp, and Suriqui river (p = 0.027, 0.029, 0.029, respectively).

71 fully identified species, 36 did match with bibliography and 35
were out of their distribution range after a final search in GBIF
database (GBIF.org, 2020).

Diversity analyses showed some promising results. In
Figure 5, water bodies should group according to the basin they
belong to. Results show that all basin samples were grouped
in one clade separated from the saltwater samples and the
Battalion sample. Inside the branch of the basins the Atrato
samples were separated from the other basins. The Lorica swamp,
the Ayapel Swamp and the Paredes swamp were together in

another clade inside the basins clade. Certainly these places
share many species leaving the possibility of similarity high
in the charts (Aguilera, 2006; Ríos-Pulgarín et al., 2008; Lasso
et al., 2011; Mojica-Figueroa and Díaz-Olarte, 2016). If based on
species detection data, Bray’s dissimilarity showed some different
patterns (Figure 5B). The Chucurí swamp and the San Juan river
are still together as well as the Ayapel, Paredes and Lorica swamps
but now all the previously mentioned places are the sister branch
to the Marriaga swamp and Suriquí river instead of the Canal
del Dique, which now is in the same clade as the Atrato river
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FIGURE 7 | Correlation of detected species with sampling and processing variables: The number of detected and identified species was tested with Spearmans

correlation coefficient in order to determine if the small volume of filtered water (A) or the amount of recovered DNA (B). In (A) P-value showed that the correlation

between Filtered volume of water and the number of detected species is significant.

TABLE 3 | Comparison between filter obtained information and available information: 5 places had available information to compare with filter data although filter data had

to be joined at times to make a better analysis since not every dataset vas specific for the sampled region in this work.

Middle magdalena basin Paredes swamp Canal del dique Ayapel swamp Atrato river basin Average

Known genus 78 24 26 36 66 –

Detected genus 19 12 30 15 38 –

Known Species 128 28 30 38 140 –

Detected species 16 4 16 8 27 –

Shared Genus 21 8 10 12 18 –

Shared Species 11 1 9 5 9 –

Detected confirmed

species

69% 25% 56% 63% 37% 50 ± 26%

Detected confirmed

genus

48% 66% 36% 85% 48% 56 ± 19%

Middle Magdalena comprises the filters 1 through 10 (Paredes swamp also showed separately since data for this location was available). Canal del Dique species include samples 11–15,

Ayapel swamp samples are 23–25 and Atrato river basin used samples 26–37. Samples 16–22 were not used since no information from traditional monitoring on a desired scale was

found to compare for comparisons. The known genus and species values were extracted from literature and the detected genus and species values were based on the taxa identified

via eDNA metabarcoding from the water samples used in this study. Finally, the shared genus and species values represent the number of taxa of each kind which were found in both

literature and filter data. The last two rows indicate the percentage of shcared taxa regarding the detected one to better illustrate the capacities of the eDNA metabarcoding process.

and the saltwater samples of the Cispatá bay. The Gulf of Urabá
was also paired with the Batallion lake this time. Figure 8 is a
Venn diagram showing fish genera shared among the four basins
(Atrato, Sinú, San Jorge and Magdalena) where it is seen that
the Sinu and San Jorge river basins have no unique genera or
genera that aren’t shared with the Magdalena basin according
to data available on GBIF (Herrera-Collazos et al., 2018) and
therefore are grouped together with the Paredes swamp (the
Lorica swamp and the Ayapel swamp, respectively, represent
these basins) which supports their position in the dendrograms.

Many challenges still lay ahead related to obtaining consistent
results using this technique. There are not many reference

genomes or even gene sequences available for many of the
species that inhabit the sampled waters. Projects such as the
Earth BioGenome Project (Lewin et al., 2018) or Vertebrate
Genomes Project are still only beginning their second phase
of work focusing on higher taxa rather than on species
leading many organisms still without a decent genomic frame
to compare with and also most of the species in these
projects are distributed in temperate areas rather than in
tropical regions. Alpha diversity can greatly influence beta
diversity analysis even if it shouldn’t (Jost, 2007) and rare
species can have a high impact in diversity assessments
(Fontana et al., 2008).
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FIGURE 8 | Shared genera among Basins: The Venn diagram shows the

shared fish genera between the four basins samples in this study. Magdalena

Basin comprises samples 1 through 15 (San Juan River, Chucuri swamp,

Paredes swamp, and the Canal del Dique), the Sinú basin is represented by

samples 17–19 (Lorica swamp), the San Jorge basin is represented by

samples 23–25 (Ayapel swamp) and the Atrato basin comprises samples

26–28 and 30–37 (Atrato river, Suriqui river, and Marriaga swamp).

Threatened and endangered species were detected in several
places. The most relevant results include the detection of the
endangered “Bagre rayado” Pseudoplatystoma magdaleniatum in
samples belonging to the Chucuri swamp, San Juan river and
Canal del Dique (1, 4–6, and 12 and 13) matching literature
(Mojica et al., 2016) together with other six vulnerable fish species
(Curivata mivartii, Megalops atlanticus, Ageneiosus pardalis,
Sorubim cuspicaudus, Mugil liza, and Mugil incilis, the Antillean
manatee, which is considered vulnerable (Self-Sullivan and
Mignucci-Giannoni, 2008) and the endangered brown-headed
spider monkey Ateles fusciceps from the Suriquí river (Samples
30–32) and the Marriaga swamp (Sample 37) (Figure 4B). The
Antillean manatee Trichechus manatus was found in a total of six
samples including the Battalion sample, designated as a positive
control for T. manatus. Its presence was detected in samples 12,
14, 15, 16, 18, and 26 (Figures 1, 2), respectively, belonging to
the swamps around the Canal del Dique (an artificial deviation
of the natural course of the Magdalena river (samples 12, 14, 15,
16), the Lorica swamp (Sinú basin) and one of the mouths of
the Atrato river. While literature and local fishermen and boat
drivers report the presence of the animal in all places where
samples were taken, only these six spots captured DNA belonging
to the species. On a side note, visual detection of the animal
was made while collecting samples 22, 33, and 35 (Cispatá bay,
Suriquí river, and Marriaga swamp), however none of these
samples reported positive results, since most likely either the

animals arrived recently to the area or in low numbers, resulting
in non-significant amounts of DNA being shed into the water.

Some species detections were interesting (see Appendices
1, 2 in Supplementary Material) for complete list of species
detected). For samples 26 and 27, taken in the Atrato river
mouth, the American eel, Anguilla rostrata was detected. This
species was not detected in the Gulf of Urabá even when its
presence should have been detected based on their distribution
range and known habitats in the Caribbean and in Colombia
(Benchetrit and McCleave, 2015; Arango-Sánchez et al., 2019).
Another interesting detection was a match for Lateolabrax
japonicus (Japanese sea bass), one of three species from the
genus Lateolabrax, all belonging to the western side of the
western Pacific Ocean and all had their complete mitochondrial
genome sequenced (Shan et al., 2016). No close relative(at least
at the genus level) can be used to explain this match and
the lateolabraciade family is placed as the sister branch of the
acropomatidae family where perhaps a possible candidate for
confusion may be found (Betancur et al., 2017).

Sample 16 was a particular case also since it was an “unofficial
positive control.” Upon arrival at the place, only the Antillean
manatee (Trichechus manatus) was supposed to be at the place
besides some common fish for the area: Ctenolucius huetja,
Synbrancus marmoratus and Gymnotus carapo which is not
listed for the area is likely to be Gymnotus ardilai based on
registers (Mojica et al., 2006). The sample also showed positive
results for the spectacled caiman (Caiman crocodylus), a turtle
assigned as Trachemys scripta although most likely Trachemys
callirostris (Galvis-Rizo et al., 2016) and for the largest rodent, the
capybara (Hydrochoerus hydrochoaeris). The reason these results
are particularly interesting, is because this is an enclosed artificial
lake of the battalion. The two most likely explanations as to how
the detections appeared are: (1) perhaps the most likely is that all
three species live in nearby water bodies that occasionally feed
the lake, and their DNA traveled with the current to the lake.
This could help to better understand the flow of eDNA through
current and how far can it travel if the position of the creatures in
relation to the lake is more precisely determined. Studies support
transportation of eDNA in short distances (Li et al., 2019;Wacker
et al., 2019) and studying the transport of eDNA in small areas
such as this could help to further develop this technique and its
uses in open uncontrolled environments. The other possibility (2)
is of course that these species recently were in the lake but were
not seen, and it was thanks to eDNA that they could be detected.

Invasive vertebrate species for Colombia (Ministerio De
Ambiente Territorial Vivienda Y Desarrollo, 2008; Ministerio De
Ambiente Vivienda Y Desarrollo, 2010) were surprisingly not
detected. Common invasive fishes such as the Nile Tilapia and
the Mozambique Tilapia were not detected in the samples of this
study, Cichlids were however detected although not identified
(Appendix 2 in Supplementary Material). Additionally, in
samples taken for another project in Colombia (Caballero,
Personal communication) they have been also been identified.
Tilapia species were initially introduced but rapidly expanded
their range beyond planned and became invasive (Dirección de
Recursos Naturales, 2017). It is unclear as to how they were not
detected since they are reported for most of Colombia. Very low
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numbers or highly degraded DNA are perhaps the only possible
explanations since the detection of these fish species has been
proven to be possible and yield good results (Keskin, 2014).

The detection of many not aquatic species was a surprise
and not many studies of eDNA have included terrestrial species
(Drummond et al., 2015; Ishige et al., 2017; Johnson et al.,
2019) even with aquatic eDNA (Ushio et al., 2017; Williams
et al., 2018; Seeber et al., 2019; Sales et al., 2020a,b). This study,
however, presents evidence from very open sampling locations,
unlike the ponds or waterholes with high eDNA concentrations
mentioned by Ushio or Seeber who even went further into using
DNA hybridization techniques in order to recover increased
amounts of mammal eDNA. The fact that endangered species
such as Ateles fusciceps or the southern tamandua (Tamandua
tetradactyla only identified to genus and therefore not included
in the main results, see Appendix 2 in Supplementary Material)
shows that water samples could be used to monitor threatened
or rare mammals. Coupled with habitat prediction computer
programs it could help improve the determination of previously
unknown habitat ranges for some species, like it has been
made with the Yamato salamander in Japan (Sakai et al., 2019).
Many of the most recognizable groups of terrestrial mammals
were detected (see Appendices 1, 2 in Supplementary Material).
However, as pointed in Seeber et al. (2019), rarer speciesmay have
lower representation in samples, due to low quality sequences
than are filtered and eliminated and therefore not included in
further analysis, or in such low amounts that is impossible to
determine even family level, which may be the case for the order
Chiroptera that appeared in very small quantities (see Appendix
3 in Supplementary Material) Both studies from Sales indicate
that eDNA is very capable of detecting mammals, specially
herbivores. Of these two studies one was performed in south
America and identified 15 different mammal families including
some bats to the species level. Primer selection in this study was
a clear difference with both Sales studies were mammal primers
were used unlike the universal vertebrate primers used here This
would explain some of the differences in the identification to
the species level. The Sales study performed in England showed
confident data on the detection of at least three mammal species
(water vole, filed vole and red deer) using just four water samples
per location. While the number of samples might be close or
equal for both studies, it has also been mentioned that conditions
on tropical waters are different to those in the lakes and ponds of
temperate regions, likely affecting the integrity of DNA. Fifteen
bird species were identified in this study (Appendices 1, 2 in
Supplementary Material). Bird eDNA showed frequently also
and most likely derived from fecal matter (Bohmann et al., 2014)
for species like Ramphastos swainsoni or Ara araraurana that
are not considered aquatic species. A migrant bird (Catharus
ustulatus) was found among the data collected in the Atrato river
(Sample 26). This suggests that the presence of migrant birds
might be monitored via eDNA, however not much has been
done to date to use eDNA in monitoring bird species. Studies
focused on birds have not been published extensively, with the
exception from of preliminary tests in small scale environments
(Ushio et al., 2018) or by exploring other types of eDNA such
as saliva in fruits or soil eDNA (Drummond et al., 2015; Monge

et al., 2020). Since many species of migrant birds are attracted
to waters, aquatic eDNA could be used in the future to monitor
them as well.

CONCLUSIONS

As the whole country becomes easier to access, more detailed
biodiversity sampling will be a possibility. The advantage of
eDNA metabarcoding relies on its simplicity to deploy to the
point that communities can work along scientists to generate
valid results (Sakai et al., 2019). Communities were close
to all sampling places and it has been a long time since
the relevance of local communities in conservations efforts
was noted (Wells and Brandon, 1993) and many successful
examples exist such as The California environmental DNA
“CALeDNA” program (Meyer et al., 2019) that already is
working with a well-established network to allow both scientists
and volunteers to provide samples from project associated or
random places in the California state and could even enter the
Earth BioGenome Project (Lewin et al., 2018). Environmental
metabarcoding sampling in this work showed that there are
still aspects to work on to improve the application of this
technique, but the amount of information recovered from <3 l
of water per sampling place showed the great potential for
this monitoring technique for to further biodiversity studies
in Colombia.
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