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Species Distribution Models (SDMs) have been reported as a useful tool for the risk
assessment and modeling of the pathways of dispersal of freshwater invasive alien
species (IAS). Environmental DNA (eDNA) is a novel tool that can help detect IAS at
their early stage of introduction and additionally improve the data available for a more
efficient management. SDMs rely on presence and absence of the species in the study
area to infer the predictors affecting species distributions. Presence is verified once
a species is detected, but confirmation of absence can be problematic because this
depends both on the detectability of the species and the sampling strategy. eDNA is a
technique that presents higher detectability and accuracy in comparison to conventional
sampling techniques, and can effectively differentiate between presence or absence
of specific species or entire communities by using a barcoding or metabarcoding
approach. However, a number of potential bias can be introduced during (i) sampling,
(iiy amplification, (jii) sequencing, or (iv) through the usage of bioinformatics pipelines.
Therefore, it is important to report and conduct the field and laboratory procedures
in a consistent way, by (i) introducing eDNA independent observations, (i) amplifying
and sequencing control samples, (i) achieving quality sequence reads by appropriate
clean-up steps, (iv) controlling primer amplification preferences, (v) introducing PCR-free
sequence capturing, (vi) estimating primer detection capabilities through controlled
experiments and/or (vii) post-hoc introduction of “site occupancy-detection models.”
With eDNA methodology becoming increasingly routine, its use is strongly recommended
to retrieve species distributional data for SDMs.

Keywords: aquatic freshwater invasive species, barcoding, metabarcoding, environmental DNA, environmental
sampling, independent evaluation

INTRODUCTION

Current policies on invasive alien species (IAS) depend on the availability and quality of data used
for their risk assessment (Groom et al., 2017). Species Distribution Models (SDMs) use available
data of invasive species and are one of the most widely used tools for risk assessment, predicting
species distribution and pathways of dispersal (Jiménez-Valverde et al., 2011).

This methodology relates the distribution data of the IAS (e.g., presence and absence records) in
the study area with a set of independent spatially explicit variables to explain and predict the range
expansion of the species. However, there are limitations on these approaches because of two main
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reasons: (i) confirmed absences are desirable but scarce in
available databases, and (ii) independent data for evaluation
is normally not available. The consideration of absences has
been reported to provide more accurate predictions of the
actual distribution of IAS (Viclavik and Meentemeyer, 2009).
Therefore, there is a need for tools that allow the recording of
presence and absence and a faster compilation of independent
data to test spatially explicit models. Efficient spatial monitoring
of invasive species vectors of introduction, further dispersal as
well as initial detection of newly present species, are crucial for
species management as are prevention, control and eradication.

In the recent years, a new environmental molecular tool
has been developed- environmental DNA (eDNA). eDNA refers
to DNA which can be extracted from environmental samples
without separation of specific organisms from the environment
(Taberlet et al., 2012). eDNA contains both cellular as well as
extracellular DNA from all kinds of organisms. It is subject to
high levels of degradation but can be preserved in nature from
few weeks up to hundreds of thousands of years (Thomsen and
Willerslev, 2015). The ability to detect species through eDNA
water samples is relatively novel and has proved as a useful tool
for the detection of aquatic IAS (Dejean et al., 2012; Goldberg
et al, 2013; Nathan et al., 2014). It can be applied for the
detection of a number of specific IAS (barcoding), or detecting
multiple IAS as part of whole communities (metabarcoding).
New revolutionary techniques for eDNA are being developed
on a daily basis with the aim to provide a number of useful
information such as, presence or absence of the species (Ficetola
et al,, 2008), density assessments (Moyer et al., 2014), population
dynamics (Sigsgaard et al., 2016), sex (Nichols and Spong,
2017), hybridization process between subspecies, (Uchii et al.,
2016; Goricki et al.,, 2017), spatial representativeness (Civade
et al., 2016; Bista et al, 2017) and ability to amplify whole
mitochondrial genome (Deiner et al, 2017b). A wide range
of eDNA detection possibilities is currently limited. Knowing
what are the limitations of eDNA methods is key to successful
estimation of species presence (or absence) and estimations of
their biological characteristics.

APPROACH

Nowadays, useful information on IAS within SDMs is in the
detection of presence and absence of the species (Ficetola et al.,
2008). In this article, we discuss the range of possibilities and
limitations with regard to reporting IAS presence or absence
using eDNA in freshwater ecosystems in order to obtain
additional and more accurate distribution data to be used in the
SDMs.

Potential Applications

eDNA has thus far been mainly used in the early detection
and monitoring of invasive species, contributing to the increase
of IAS presence records. The use of eDNA techniques could
facilitate a more effective method for recording IAS absence
than do regular monitoring surveys or possibly may aid in the
compilation of independent data similar to the approach used
for proving (non)successful eradications (Dejean et al., 2012).

Currently, eDNA research is focusing its effort on the species
detection efficiencies based on the competence of sampling,
amplification and sequencing techniques. A detailed review has
been conducted based on the potential for the future application
of eDNA tool by identifying the proportion of positive detections
of IAS within individual research (Table 1). The review proves
how useful the tool can be dealing with IAS detection. A recent
increase in presented eDNA research conducted on invasive
species is only the tip of the iceberg of what can be achieved for
conservation and IAS management. There is however a number
of limitations that should be remembered before applying eDNA
data to retrieve distribution data for SDMs.

Current Limitations

Freshwater ecosystems, lentic, and lotic, provide excellent study
area for defining the wide range of detection possibilities
of eDNA techniques as well as the limitations. Small-scale
freshwater lentic bodies provide an excellent opportunity to study
eDNA characteristics related to degradation, which can affect
successful detectability of species. Recent studies have tried to
underline degradation rates in correlation to abiotic factors,
such as, (i) most effective water stratum for eDNA detection
(Moyer et al, 2014), (ii) pH, UV-B (Strickler et al, 2015),
(iii) effects of temperature on eDNA degradation (Strickler et al.,
2015; Eichmiller et al., 2016), and (iv) temporal effects (Dejean
et al, 2011). Freshwater lotic bodies can provide important
information due to their longitudinal downstream dynamics,
such as, (i) eDNA persistence in the environment (Jerde et al.,
2016; Wilcox et al.,, 2016), (ii) residence time of eDNA (Jerde
et al, 2016), and (iii) the ecology of eDNA (Barnes and
Turner, 2016). In case of newly introduced IAS, measures of
low abundances present another limitation (Jerde et al., 2011)
which is highly important when discerning between presence
and absence records. Some of the reported examples are applied
to non-invasive species, but the reason why we focus on IAS is
that time, i.e., rapid response, is key to management, so that an
identified IAS can be eradicated/controlled before any negative
ecosystem impact occurs. Since eDNA can assist in more rapid
detection and early response to IAS invasions than traditional
sampling, this technology most greatly benefits identification of
invasive species.

All the limitations of eDNA that are currently being studied
are crucial for IAS assessment. When monitoring, especially in
a new environment, it is fundamental to detect it at extremely
low abundances and report negative or positive presence. False
positives and negatives are essentially relevant for their use
within SDM and cannot be misjudged, whether they are products
of sampling bias or metabarcoding bioinformatics pipeline.
The distribution patterns and biology of the eDNA is another
important factor influencing the accuracy of information which
is relevant for the distribution of IAS within the models. The
accuracy that we can obtain through eDNA highly depends
on the strategies followed during the fieldwork and through
laboratory protocols. In order to more accurately state the
proportion of the positive (or negative) detections, independent
observations (Steel et al, 2013) would need to become an
essential part of eDNA studies to overcome the bias of false

Frontiers in Ecology and Evolution | www.frontiersin.org

December 2017 | Volume 5 | Article 158


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

Using eDNA for SDMs

Muha et al.

(penupuoD)

"8IS PUODBS 8Y) Ul €0 2
Ul pue ais 181} 8y} Wouj sejdwes

(wrgyo)
SeueIquUIBWU J8)se 8s0ojN|j8d paxiw

wn.uepodjue snbifdowrejod

€102 “[e 10 Biagp|oD JOIEM € e Ul pa1osiep seloedsg Hodb 100 ‘ays Jad sajdwes Jerem 4 ey ‘s|reUSPNW PUBEaz MaN 9SN||o
(wrzy)
sJal} yoye-yoed) ereuoaqtedkiod
9ouepunge ybiy-sresspoul JO S1eJjuU 8so|N||eo ‘ays Jad snoipsn
9102 “fe 10 Auaypbnog 1e 9%G6 Aljgeqold uonoaleq Hodb 10D so|dues Jayem a0BpNsS JWOGZ Ual  $8108u02J0 ‘ysiheld Aisny
3Ndo) voye
HuNn Jad yojeo se souepunge snonpsn
QAJe|e) PUB Sninosniug) (wrz)  sepeuoaip ‘Usiheso Aisny
o 1o} Jaquunu Adoo yN@e SJo|l} 81U BSOo|N||90 BYs Jod snjnosnjus|
/102 “[e 18 uosJe usamiaq sdiysuolieles espn Hodb 100 W QGZ JO Se|dwes Jojem us} 0} OAl  SNOBISEJIOBS ‘UsijAelo [eubls
8002 “'[e 18 e|038014 43 ‘puod IDUBIO SNIBqUIBO0.S
7102 “'[e 18 Jainbail %G9 buiddel ‘%e/ YNae Hodb 10D Jad sejdwes Jayem |w O Ajuem| ‘ysiAesd duwems pay  SUBaoEISNID
(wrl g 1) s1eyy eyeuoqreoAiod snueleqsaleo sajeqoyi]
210z “[e 1o uesleQ Syuel ZL/0L Bulpoosegelow YNQd VNY S2L Sjuey Jed sjdwes Jsrem Ju 0Gg SuQ ‘BouyIng ueouswy
8002 “'[e 1 e|0}80I4 A 43 sinee| sndousx
910z “'[e 18 Ipuooes %E8 (UBs\ Hodb VNS4 SZL ‘ays Jad |w Of Jo se|dwes Jeyem Qg ‘Bo1) pemefo Uedupy
(Wl 2°0) Jeyy Joqy
sse|n ‘ays Jod pa1os|0o sem ajduies SnuelpInBp SeLpUY
'S8YS /€ JONO 6 Ul pejosleQd HOd gUelnbel awi-lesay L-HAVN 1w Joyem 82eLINs JO Jauleluod -1 suQ ‘Jopueees Juelb aseuly)
‘spuod
617 4O INO 8E Ul 8OUSLINDD0
Bouying pereoipur poylew
VYN@®) spoylaw [euonipesy SnuBIeqse}ed sejeqoyil]
2oz e 1o uesleQ A %evL 'YNde AQ %G 2L HOdo aueb q 140 800¢ “'[€ 10 Bl0}80Id -4 ‘Boying ueouswy - sueiqiyduy
(PaIBSQO UBBQ Sy 1 a1aym 800¢ “[e 1@ B|0}e0l4 Smeping
710z “[e 1o olbbeld S8 G 8} Ul Pa3o8Iap) %00 | (HOdO) HOd [BUORUBAUOD eusb g kD (B0GE'S 18 uw0g) A eBnjued- 43 uoyiA4 ‘uoyikd eseuiing sejidey
"POAIBSCO SEeM || 8002 “'[e 10 ©|03e0l4 Bsuap
910z “[e 1 eeming  aseym spuod syl e ul pa1osisQ Hodb 4quin-un (B 0ge‘s 1e uiw 0g) Aq ebnjuiueo- 43 eueb3 ‘paemusiem uelizesg  selAydosoey
800z “'[e 19 B|0180l4 (D69 ‘U GE
‘600g°g) ebnjuueo Aq YNQ Jo SNolaloy sepay
(I0D) | yungns uoneydioaid (joueyie amnjosae W ee  ‘seouodel snojuodel sepey
9SEPIXO BUWOIYD0IAD pUE |\ € 8}E}808 WNIPOS JO WG| ‘oynbsow ysngq uelsy
Buipooseqgeisw YNQ %08 Buipooseqgelew YNQ + (| S1I) | Jeoeds pequosuely + Jayem Jo Tw G1) (43) uoneydioaid smoidoge
910¢ “[e 1@ Jepleuyos ‘HOdO %00+ (HOdP) HOd awin-[eas sneyuen [eussiul [lewiosoaly |OUBUIT [JW G| X € JO UONd8|I00 sepay ‘opnbsow Jebi | sjoesu|
(%) suonoelep poyow ainpasoad uonendioasd
EERIEYETEH | aniisod jo uoiuodosd  Burouanbasy/uoneosydwe yNg 190] YNQ Jo uonea|i ‘anbiuyoay buidwesg SVI 191eMysady 10biel uoxe]
'SuoIjo8}ep

aANsod Jo uoipodoid ey} Se [jem se Buipoosegelswu Jo Buipooseq ‘100] YN ‘senbiuyos} uonesy pue Bulduies Jeyem Jo uonduosep Buipnjoul ‘sejoeds usie saiseAul Jeyemysal) Buneblel seipnis YNae | 1 31avL

December 2017 | Volume 5 | Article 158

Frontiers in Ecology and Evolution | www.frontiersin.org


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

Using eDNA for SDMs

Muha et al.

"SIOA OM] Ul 902/

yAN pue g'9g8 pe1os81ep spoylewd (wr g 1) ey Joquyololw snwojsouejew
““Ie 10 weybuisereg VYNQ@e—sel0ads ysi g J0 IO Buipodseqelsw YNQJo 10D sse|b ‘se|dwes Jeyem W 00S sniqobosyy ‘AgoL) punoy
Buydwes
[EUOIIUSAUOD 0} Pasedulod (wr G 1) sty Joquouoiw sselb Bnuiso
910z “[e 10 Jexon]  8jel $s800Ns Jaybly Ajpusisisuo) Hodb 10D {SUONEDO| g WOl se|dwes Jeyem -z SnieydesouWwAs) ‘egny
(wr g*|) sty Jequoloiw sselb snb.e euueyd
G1L0Z “[e 10 suowwIg VN Hodpp 391 ‘suoleoo| / Ul sejdules Jeyem | g ‘pesysseus UJBYHOoN
(wrl g'|—-G{"0) BUBIqUUBL JB}SE PaXIW
910z “'[e 10 Joxung 91eJ SS900NS %06 Hodb 100 ©son|[eoosyu ‘sajdwes Jejem T | ual sniony xos3 ‘exid
(wr £0) Jo1 Joq sselb oidied
9102 “e 1@ 1yon VN Hodb dool-q YN uey Jod sidwes Jayem W 00G dUO snuudAD ‘died uowwoD
SNioN7 Xos3 ‘axid
©13n4] OW[BS ‘IN0J} UMolg
snuixoyd snuIXoyd ‘Mouuln
SSIAW SNYOUAYI00UO
‘IN0J} Moquiey
(wrl gy Q) 4oy 8¥eIU BS0|N||80 oldied
9102 “'[e 18 BulueH VN Bulpoosegelow YNJe Szl + aiko {so¥e| 904y} Ul seidwes g x 98 snuudAD ‘dred uowwoy
siiqou sAypyoIRYAdodAH
‘dieo pesybig
shenins (wrigy)  xuyow sAyyoiweyydodAH
€102 “'[e 10 epJar [BUOINPEJ} BU} YHM JUS]SISUOD Hodo dool-q YN Joyy Jaqy sse|b ‘eidwes Joyem g ‘died JenIS
(wr gz o) Jey ereuoquedAjod oidied
910z “[e 18 Jo|iwyog N yodb xeidiyniy 10D uey Jod sjdwies Jayem W OG auQ snuudAD ‘died uowwoD
1Y00.gjoy BISnquieL)
SHUe} Z1L/e (wrgy) ‘ysyoynbsol uelses
sJa)l} suBlquIBW 8eu0q edAl0d o/died
9102 “[e 10 suenq VN Buipoosegesw vYNQ VNYJ s9L + szL uey Jad sidwes Jayem W OGZ duQ snuLdAD ‘dred uowwoD
VNQ pue 3NdO
US9M}B(Q UOIJE[S1I0D SAINSOd
vNQ pue 3NdD sniepneayjinbue snuinbsiyy
US9MIS(Q UOIJE[S1I0D SAINSOd ‘YOBOLIBYIBaM [EJUBLIO
VYNd PUe (3Nd0) syeIAny BoJad ‘yotad uypay
poys yun Jad yoyeo ussmiaq (wrlz 1) sseyy Joquy oidieo
/102 “[e 18 ojuIH uol1e[a.090 Juedyubls ON Hodb VN4 SZI  sselb ‘ays Jad sajdwes Jeyem g XIS snuudAD ‘dred uowwoy
‘spuod 0/ Jano g Ajuo (wrog)
spoyiewl [euopipeli yum ‘spuod Jeyly eye1ade 8sojn||eo ‘puod yoes snJjyoosoBW
102 “[e 10 Bleyexel 0/ J9n0 G| Ul punoy saoeds Hodb 100 JO 90BUNS 8y} woJ) s|dwes Jsyem 7 | siwodeT ‘ysiuns |iBenig ysi4
(%) suonoealep poylow ainpasoad uonendioasd
S90UaI9)9Y anlsod jo uoiuodosd  Burouanbasyuoneosydwe yNgo 190] YNA 10 uonea|i ‘eanbiuyoay buldwesg SVI 191emysady 10b.ie) uoxe]

panunuog | 1 318VL

December 2017 | Volume 5 | Article 158

Frontiers in Ecology and Evolution | www.frontiersin.org


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

Muha et al.

Using eDNA for SDMs

positives or negatives. An increased eDNA sampling effort based
on a temporary scale would provide a more accurate proportion
of positive (negative) detections and should be replaced by
research proposed on a single sampling events (Simmons et al.,
2015; Fujiwara et al., 2016; Hénfling et al., 2016). Independent
observations would need to become a necessary procedure
especially when dealing with estimations of newly introduced
species (Jerde et al,, 2011) or dealing with the estimations of
successful eradication measures (Dunker et al., 2016).

To avoid bias due to inconsistent use of eDNA tools a
minimum information based on field and laboratory procedures
should always be reported and presented in a consistent manner
as presented by (Goldberg et al., 2016). Pioneers in eDNA
research (Ficetola et al,, 2016) highly recommend following
general requirements such as, precautionary approach to avoid
contamination, respecting a general practice of obtaining control
samples, extraction blanks, as well as incorporating PCR positive
and negative controls. In cases of individual species assessment,
parallel mesocom experiments are highly recommended in order
to be able to estimate the limitations of detectability for each
individual primer set. Another method to assess limitations of
primer detections is assessing detectability of the species “in
time” after its removal from the controlled environment. When
working on multiple species assessment using a metabarcoding
approach, it is recommended, to sequence the control samples,
compare the sequencing control outputs with the actual samples,
and if none of the last achieve high quality sequence reads by
appropriate clean up steps; removal of singletons, chimeras, as
well as including a record of removed sequences (Deiner et al.,
2017a). Bias due to universal primer preferential amplifications
of species can alter the relative abundance of individual species
eDNA (Deiner et al, 2017a). A PCR-free method, namely
sequence capturing offers promising solutions in order to avoid
amplification bias (Shokralla et al., 2016).

In terms of IAS certainty of existence in a non-native
environment, false- positive and false- negative are crucial points
for management and environmental policies (Moyer et al., 2014;
Lahoz-Monfort et al., 2016). Even low rate false- positives
pose a bias toward species specific occupancy (Lahoz-Monfort
et al., 2016). Errors produced during PCR and sequencing are
main source of bias for false- positives whereas false- negatives
normally appear due to bias during sampling. Sampling and PCR
replicates are key to avoid obtaining false presence and absence
and should be routinely corrected with the appropriate statistical
tools referred to “site occupancy-detection modeling” (SODM)
(Lahoz-Monfort et al., 2016). The SODM model shows precise
estimation of the probability for the site occupancy, including
overall probability of detection at sites where the species is
present. The model provides unbiased estimation of occupancy
when properly applied using large amount of initial data, even
with a smaller amount of replications. Researchers (Ficetola
et al., 2016) adopting SODM as part of their eDNA pipeline,
give advice to avoid referring to single occurrences within one
sample as reliable ones. Precautionary measures should be taken
up before coming to conclusions that non-detection of species
corresponds to species absence, and in converse that detections
directly relies to species presence (Roussel et al., 2015) simply

due to eDNA characteristics, such as potential longevity. In order
to overcome the frontiers of eDNA techniques and to make it
generally applicable within the SDM the above consistency is
pivotal within the immense growing body of eDNA literature.

Combination of eDNA and SDMs

The method appears to be highly efficient on bony fish and
amphibians with successful spatial representativeness in lotic
and lentic systems (Civade et al., 2016). It has been shown that
the eDNA samples are able to overcome spatial autocorrelation
biases (Deiner et al., 2016) which are normally a result of
conventional biodiversity assessments. eDNA seasonal diversity
at the ecosystem scales (Bista et al., 2017) are key for more
holistic understanding of the successful invasions of species
within SDMs.

There are many possibilities of using eDNA for SDMs but
currently one of the most important novel uses is a more
precise sampling of absences which is sometimes difficult or
impossible to obtain (Nezer et al, 2017). As commented,
the information regarding species existence in certain system
measured through eDNA can be susceptible to certain bias,
due to eDNA characteristics. However, there exist approaches
within the spatial modeling that might be applied to deal with
the uncertainties from eDNA results. For instance, Dudik et al.
(2006) presented the di-bias approach, which gives a higher
weight in the models to those localities where presences or
absences are more reliable. In the same way, those localities where
eDNA is less reliable can receive a lower weight in the models,
such weighting might correspond with the reported detection
rates (Table 1). Therefore, there are possibilities from the SDMs
to deal with the potential bias arising from using eDNA as
a sampling technique which encourage its use despite current
relative limitations. The ability to cope with the limitations and
strength of the combination of these distinct research fields
will benefit from the collaboration between molecular ecologists
and modelers contributing to the evolution of two scientific
disciplines (Coccia and Wang, 2016). Other disciplines apart
from invasion ecology (e.g., biogeography or spatial ecology)
might also benefit from future development of molecular ecology
tools as a sampling technique. Thus, we highly recommend
involving eDNA analysis into spatial models to predict future
invasions and many other ecological processes. For example,
targeting IAS hot spots and vectors of introduction, is a perfect
starting point for detection of IAS and estimation of their future
dispersal within the SDMs. Spatial representativeness of IAS
within the SDMs is key to understanding the ecology behind their
successful dispersal and the management of invasions.

CONCLUSION

Collaboration between modelers and molecular ecologists has
a high potential to overcome the flaws of spatial distribution
patterns due to difficulties or inconsistency in the information
obtained through conventional surveys. The strength of the
information that eDNA can provide is crucial as it fulfills the
previously unidentified absences within the SDMs. The eDNA
method is currently rapidly evolving and in the near future
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a mass of information related to IAS presence, absence as
well as other species specific biological characteristic can be
obtained and applied to, for example, mechanistic SDMs. Thus,
its use is highly recommended with the aim of obtaining species
distribution data for spatial models combining two scientific
fields, useful as a helpful tool for IAS management and relevant
policy requirements.
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