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WHAT IS eDNA?
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Environmental DNA for wildlife biology
and biodiversity monitoring
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Extraction and identification of DNA from an environ-
mental sample has proven noteworthy recently in
detecting and monitoring not only common species,
but also those that are endangered, invasive, or elusive.
Particular attributes of sc-called environmental DNA
{eDNA) analysis render it a potent tool for elucidating
mechanistic insights in ecological and evelutionary pro-
cesses. Foremost among these is an improved ability to
explore ecosystem-level processes, the generation of
guantitative indices for analyses of species, community
diversity, and dynamics, and novel oopnrlmiﬁss
through the use of til ial and unp!

ed sensitivity for detecting rare or drfﬁeun-losamls
taxa. Although technical challenges remain, here we
examine the current frontiers of eDNA. outline key
aspects requiring improvement. and suggest future
developments and innovations for research.

From environments
In 1966, the writers of Star T}M introduced intergalactic
battles, alien invaders, and technology beyond the realm of
reality. When the handheld Tricarder was used by Spock to
test unexplored habitats, little did the writers know that the
sei-fi technology to analyse an environment and its living
components from a small sample would become a reality in
just 50 Earth years. Free DNA molocules are ubiquitous,
released from skin, mucus, saliva, sperm, secretions, eggs,
faeces, urine, blood, root, leaves, fruit, pollen, and rotting
bodies and are collectivel y refierred to as eDNA(see Glossary)
I1). Any given environmental sample will contain myriad
eDNA and the information contained therein is now acoessi-
ble awing to advances in sample preparation and sequencing
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technology. Today, science fition is becoming reality as a
prowing rumber of biologists are using eDNA for species
detection and biomonitoring, draumventing, or at least
alleviating, the need to sight or sample living organisms.
Such approaches are also accelerating the rate of discovery,
because no a priori information about the likely species
found in a particular environment is required to identify
those species. Thase working on invasive spedes, commu-
nity and ecosystem processesunderpinning biodiversity and
furctional diversity, and wildlife and conservation biclogy
are likely to benefit the most through adoption of eDNA
techniques, Current barriers to the use ofeDNA include the
requirement for extensive training in molecular biology and

Glossary

Amplicor:  a fragmant of DNA or RNA amaied by repication avanis ar
ampiificasan, afthar naturally or art#icially, Twough, for example, PCR
Ancient DNA |aDNAE DNA stracisd from specimans that have not baan
intont onally prasarved for ganatc analysis. Such samplas am typially low
quality and can includs spagmens from musaum allactions. archasalogic
finds, and subfasil ramaine of tissues ar athar DNA containing surms fo.g..
enpraiies, hairl.

Bloding primer: an aligomucieatide umd o bind to DNA and overiap the
primar.binding sims, so har ampification of the undesired spacias ks
pravantod.

Chimen: soquances fat arise during amplfication @mbining DNA Fagmans

Environmental DNA jeDNAE  trace DNA in samples such ac water, sodl, or
fancss aDNA is & mixtura of potentially degraded DNA fram many difforant
‘organisms. itisimporam 1 note that tis definition ram ainscontrovarsial dus
0 the sampling of whala micioorganisms fat might appaar in an anviron
mantal sampis. Although mataganamic micrabial sudies might use anviran
mantal sampling, thay cannat always be definod 2z trua sDNA studies bacauza
soma methads first isolaia microorganisms fram the enviranmant befom

mdmcting DNA
EROMCE | SqUREING o T B
niaining many differant argarisms.
oTur loval of nad by
#ha ressarchar in 3 study; for mampla, indiduals, papulations, spadas,
genara, ar sirains. OTUs ara genarated by comparing saquances against aach
ather 1 farm a dismnce mamix, followsd by dustaring groups of squances
with a spacifisd amount of varibility allowed within aach OTU {ag., [57]).
Socond-generation soquending: soquancing tachnalagis such as the Racha
68 mries. lumina Genome Anahyser series and konTormant mies hat
paralisliza ha saquancing promas, poducing Mousnds o Bilianz of DNA
mquences in sngla mauancing runs.

* Environmental DNA is genetic material
short DNA fragments; [ca. 80 - 250 bp;
shed from skin, urine, feces, mucus, or
dead cells] in nonliving components of
the environment (e.g. soil, sediment, or
water

* A mixture of potentially degraded DNA
from many different organisms.
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“Sight-unseen” detection of rare aquatic species using

eDNA detection of invasive
o Aot . s s, v carp in the Illinois River
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specics or contain its spread. Here we demonstrate the cfficacy of enviro
mental DNA (¢DNA) as a detedtion teol in freshwater environments. Speci
cally, we delimit the invasion fronts of two species of Asian carps in Chicago,

{1 c 7] 4L __®
recently introduced nonindigenous species, requires the detection of popula- —
tions at low density. For endangered spedes, detedting the localized distribu- ,
bullet” approach to sampling

Received 1llinois, USA area canals and waterways. Quantitative comparisons with tradi-
27 Jy 2010 tional fisheries surveillance tools illustrate the greater sensitivity of cDNA and L] L] .
Accepted reveal that the risk of invasion to the Laurentian Great Lakes is imminent
Crypuc, rare, or diiricu O
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THE PROMISE OF eDNA

Through the use of eDNA (A) it s possible to obtain sequence information from the environment
without isolating the target species first, which may detect species where traditional sampling
has failed, (B) studies that necessitate rapid or multiple species detection are possible and ideally
suited, (€) combined with 2 Generation Sequencing, thousands or millions of sequences can be
produced simultaneously to analyse species diversi

Primers can be designed to amplify
short fragments of degraded DNA
(80-250bp) of one, or many target
species using ific primers;
or as many species as possible using
universal primers. Often, mitochondrial
markers such as Cyt B or CO are used
as barcodes.

As eDNA methods are rapid and cost effective, | Studies have shown
studies aiming to detect invasive species suchas | eDNA concentration to
Asian Carp in | be directly related to

the Great |number of individuals

Lakes are |in mesocosms and

§ particularly |natural ponds, but

No. of individuals

amenable to | many issues still need
using eDNA. | o be addressed. ONA concentration

Data derived from the repeated sampling of single
locations that describe dynamic relationships
between taxa and the environment could help
identify the role of niche-based stochastic
processes In shaping species distributions and
abundance. This type of information allows
researchers 1o ask questions related 10 ecosystem
processes.

The use of 24 Generation Sequencing allows in
depth analysis through a variety of sequencing
methodologies that are not possible with
standard sequencing, such s the addition of
tags to amplicons (when samples are pooled) to
track which amplicons come from what sample;
the generation of thousands of sequences at
once which increases the rel and scope of
analysis; and the abllity to sequence information
in a much more cost-effective manner.

BIOLOGICAL
CONSERVATION
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Speca ke Amle: Environmental DNA
Environmental DNA - An emerging toal in conservation for monitoring
past and present biodiversity
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THE VALUE OF eDNA TO FRESHWATER TURTLE
CONSERVATION
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THE VALUE OF eDNA TO WOOD TURTLE
CONSERVATION

WPLOSIONE
RESEARCH ARTICLE
Concurrent visual encounter sampling
validates eDNA selectivity and sensitivity for
the endangered wood turtle (Glyptemys
insculpta)
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deiied, ransmted modfed, DUt wponor e probability was 0.54 (0.31, 0.76) and while detecton probability for
E vaildh b under the Crathe wond turth high (0.88; 0.58, 0.98), cur detection of lutle abundance was
Commons CC i 3 thedly lower (0.28; 0.21, 0.37). We di d eDNA at 76% of sites confimed accupied
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Turtle Occupancy eDNA Occupancy

Naive Occupancy 0.46 (38, 54) 0.43 (36, 51) Direct compa rison of
Detection Probability 0.88 (58, 98) 0.5 (38, 71) VES & eDNA survey

3 results confirms
Occupancy Probability 0.54 (31, 76) 0.55 (29, 78) a

eDNA is nearly as
good as VES for
determining

occupancy!
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Where and when you survey matters

eDNA is ~2-7X cheaper than
conventional surveys
e S$51 per sample v. $362 survey
* S308 per site v. $733 per site
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STATUS ASSESSMENT AND CONSERVATION PLAN
FOR THE SPOTTED TURTLE IN THE EASTERN U.S.

STATUS ASSESSMENT AND CONSERVATION PLAN FOR THE
SPOTTED TURTLE IN THE EASTERN UNITED STATES

Photos (above, below): Jonathan Mays

Project Summary

Spotted Turtles (Clemmys guttata) have declined across their range and are of conservation concern throughout
the United States and Canada. They are identified as Species of Greatest Conservation Need (SGCN) in all 21
states in which they occur, considered Endangered by the International Union for Conservation of Nature (IUCN),
and have been petitioned for federal listing under the Endangers Species Act. The goal of this project is to
quantify the Spotted Turtle status and distribution from Maine to Florida (yellow region in figure)-as well as the
effects of climate change and habitat fragmentation on the species—in order to prioritize both habitat
conservation and management. As part of this project, we will conduct standardized population assessments at
multiple spatial scales, with centralized data analysis, to (1) establish population baselines, (2) inform a
comprehensive adaptive management strategy, and (3) identify priority habitat and population management
actions at the regional, state, and local levels.

Our Goal:

To maintain populations of Spotted Turtles at or above their current levels throughout the participating states,
and to achieve zero net loss of suitable habitat at high priority sites by (1) identifying and enhancing priority
seasonal wetland and terrestrial habitats in the eastern United States, and (2) applying conservation principles
and practices to increase population size and support healthy metapopulations of Spotted Turtles and associated
SGCN.
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THE LIMITATIONS OF eDNA

Sources of error - method and process error
Factors affecting eDNA half-life

eDNA generation - ecolo%y and physiology of the source
material (biomass, type of organism, etc.

eDNA deﬁradation - UV, pH, temperature, DN Aases
microbial activity

eDNA dilution - system volume and/or discharge,
distance from source, settling/trapped in sediments

PCR inhibitors - tannins, etc.

Methods in Ecology and Evolution

Methads in Ecology and Evolution 2016, 7, 12991307 don: 10.1111/2041-210;
REVIEW

Critical considerations for the application of
environmental DNA methods to detect aquatic species

Caren S. Goldberg'*, Cameron R. Turner*, Kristy Deiner?, Katy E. Klymus®, Philip Francis
Thomsen*, Melanie A. Murphy®, Stephen F. Spear®, Anna McKee’, Sara J. Oyler-McCance®,
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Summary

1. Specis detection usin
standing of the ecolog
directly sampling (
for rarc and ehusive specics. The sensitivity of eDNA methods, however, requires 3 heightened awarencss and
attention to quality assurance and quality control protocols. Additionally, the interpretation of eDNA data
demands careful consideration of multiple factors. As eDNA methods have grown in application, diverse
approaches have boen implemented (0 address these issues. With interest in eDNA continuing 0 expand, sup-

otal DNA (eDNA) has tremendous potential for contributing to the under-
on of aquatic species. Detecting species using ¢cDNA methods, rather than
redu nsitive species and increase the power of field surveys

pacts on

portive guidelincs for undertaking cDNA studics arc greatly necded.
2 Environmental DNA researchers from around the world have collaborated (o produce this set of guiddines
for DNA methods 10 detect aquatic ma

A Critical considerations for study design include preventing contamination in the fickd and the laboratory,
choosing appropriate sample analysis methods, validating assays, testing for sample inhibition and following
minmum guiddlings. Critical consick emporal and spatial processes, limits
of comeation of eDNA with abundance, uncertainty of positive and negative results, and polential sources of
allochthonous DNA

4 We present a synthesis of knowledge at this stage for appication of this new and powerful detection method.

Key-words: biodiversity, eDNA, invasive species, non-destructive smplis ative PCR,

reporting guidelines

Introduction
« M\,ml:“» sor Bk e rwh:v:v(y e, b, The disoovery that species can be detected using envieonmental
es: ecoSysem Genetics (ecuSysCien) SENAY b Welie seaacdos ks caccatintd otiadid B
ORIt T JEA, DA DNA (cDNA) in water samples has enormous potential for
rtcle has been contributed to by US Govemment employees
and theie work is in the public domain in the USA. species (Goldberg. Strickler &

gaining insight into the awology and conservation of aquatic
Pilliod 2015). Specifically,
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Thisis ricle under the terms of the Creative Commons Attribution-No merci

in any mednum, provided the criginal work i peoperly cited, the
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A HIERCHICAL APPROACH TO SAMPLING SPOTTED

TURTLES AND THEIR eDNA
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Site occupancy models in the analysis of environmental
DNA presencefabsence surveys: a case study of an
emerging amphibian pathogen
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Summary

L. The e of envirormental DIMA. (EDNA) to detect species in aquatic environments such a5 pondsand streams
s & powerful new technique with many benefits. Hewever, species detection in eDMA-based surveys is lkely to
e imperfict, which can kead to undere stimation of the distribution of aspacies.

2 Site cccupancy models account for imperfect detection and can be wsed to estimate the proportion of sites
where 2 species accurs from presenceshsence survey data, making them iesl for the analysis of DNA-based
surveys. Imperfect from faikure to detect the species duri work (e:g. by water samples)
ardusinglaboratory amalysis (eg. by PCR).

3, To demonstrate the utility of site oecu pancy modsls for eDINA surveys, ve reanalysed a data set estimating
the ooeurence of the amphibian chytrid fungus Barrashochyrbon dendmbatids wing eDNA. Our reanalysis
showed that the previous estimation of species cocummenae was low by $-10%. Detaction probability was best
mﬂm byanindex of the number of bosts (frogs) in ponds.

it availability probability in water samples was estimated at 043 (25% CRI 0-32, 0.58) and per PCR
ummunmumrymnuwmcm 074, 0-04), and six water samples from a pond wem necessary for a
cumulative detection probatility > 95%. A simulation study showed that when wsing site oecu paney analyss,
estimate presence and ahsence of spacies than without use of site

occupancy modelling
% Ouranalyses demonstrate the henefits of site occupancy models a5 a simple and powerful tool to estimate
detection and site ecoupancy {species prevalence) proba bilities despite imperfect detection. As species detection

from eDNA becom adoption of iate statistical metbods, such as site cocupancy mod-
eks, will i i from eDN;
Key-words: cnvi DNA, survey, monitaring, detection probability, site occtpancy model
Conceptually, the effects of imperfect defection can be
Introcluction dencribed with a simple equation:
Population surveys bave one wdssiable yet wnwidable et gy o

ture: it i unlikely that al individusls, populations or species
am ever detected (Yoecoz, Michols & Boulinier 2001; Pollock  whem F(C) is the expectad value of a count of individuak,
et al. 002; Kéry & Sehmidt 2008). This imperfoct detection populations or species, N s the mumber of individuak,
can bias analyses of survey data and potentially lead to poor  populations o species actually present and p is the detec-
management decisions {Yoccoz, Nichok & Boulimer 2001). It fion  probebility (Yoocoz, Nichok & Boulimier 2001;
s therefore important to acoount for imperfoct detection inthe  Pollock ef af. 2002; Kéry & Schmidt 2008). Estimates of p
analyis of aurvey data whenever possible (¥ oocor, Nichok & e wsal in the analysis of auvey dat 1o adjust counts
Boulinier M01; Pollock ef al. 2002; Kéry & Schmidt 108 for imperfect detection to obtain & mem accurate estimate

of N (Pollock ef al. 20(2; MacKerse e al. 2006; Royle &
. zh ch Domzio M08). Apart from kafing to biased assessments
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EDNAOCCUPANCY: An R package for multiscale occupancy
modelling of environmental DNA data

Robert M. Dorazio® | Richard A. Erickson?
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Usper Midwest Envrammentl Soonas In this artide. we describe eomaocaurancy. an & package for fitting Bayesian, multiscale
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occupancy models. These models are appropriate for accupancy surveys that include
three nested levels of sampling: primary ssmple units within 2 study ares, secondary
sample units collected from each primary unit and replicates of each secondary ssmple

Sescamh Conte, U Geobgiad Survey. unit. This design is commonly used in occupancy surveys of environmentzl DNA

Gainesvile, FL USA.
Ema hdoramn@un g

feDNA). eomaoccusancy allows users to specify and fit multiscle occupancy models
with or without covariates, to estimate pasterior summaries of occurrence and detec-

KEYWORDS

1 | INTRODUCTION

Presence-absence surveys are often used to estimate the spatisl dis-
tribution of a species. Dufing these surveys individuals that are pre-
sent can be missed owing o erors in detection by observers. These
enors are especially common in surveys of animals that are either
e of ghusive (g, specks with oryptic behaviowrs or coloration).
To account for the possibility of such emors, ecologists often use
repeated suveys of each sample location and anabyse the resulting
data (detections and nondetections) using occupancy modsls (Guil-
lera-Anoita, 2017 Iknayan, Tingley, Fumas. & Beissinger, 2004
MacKenzie et al, 2006; Royle & Dorazio, 2008). These models allow
the occumence of a species to be estimated accurately while
accounting for false-negative emors in detection.

For species that are extremey difficull to detect using conven-
tional (visual or aurall methods observers often resont to detection
of sgns of species presence (eg . animal tracks, seat or fur) that may
be observed more reliably. One such sign is envionmental DNA
{eDNAL which inchudes short fragments of DNA shed or left behind
by individuals in water or soil (Daring & Mabon, 2011; Ficetols,
Mised, Pompanan, & Taberet, 2008). The sources of eDNA can vary
bt may inchsde skin cells, mucus, eggs, uine or faeces. Surveys of

tion ities, and to compare differ using Bayesian madel-selection cri-
teria. We illustrate these festures by analysing two published data sets: eDNA surveys
of a fungal pathogen of amptibians and eDNA surveys of an endangered fish spedies.

Bayesian, emdronmental DNA, occupancy survey. species distribution model

€DNA are often eader and less expensive than those based on con-
ventional methods of sampling (Rees, Maddison, Middeditch, Pat-
more, & Gough, 2014; Thomsen & Willerslev, 2015).

Surveys of eDNA are designed 1o accommedate spatial or tem-
poral heterogenaity in the occumence of eDNA at 3 smpling loca-
tion. This is necessary becase even if a location is cccupied by a
species, not all samples taken from that location will necessarily con-
tain eDNA of the specis. Samples collecled at each location are
usually intended to serve as spatial of temporal replicates of that
location Therefore, the presence of eDNA in these samples can
depend on many factors. incuding the source locations of eDNA.
the degradation or transport of eDNA from these source locations
and the size of the sample (Dading & Mabon 2011: Dejean et al.
201%; Piliod, Goldberg, Arkle, & Waits, 2014). The presence of
eDNA in a sample is usially assessed by amplifying the eDNA in
each of several subsamples using polymerase chain reaction (PCR)
chemistry. The eDNA in each subsample jor PCR replicate) ts ampli-
fied independently and ised to asess whether eDNA is detected or
not detected in the subsample (Hunter et al, 2017). Therefore all
€DNA suneys indude at lexst three nested levels of sampling

L locations (primary sumple units) within 2 study ares,

368 | Putisned 2017. Thisartide 3 US. Govermant wilsyaninslrary com/ purmsl/men Mol Bl Resour, 2018;18:368- 300

weark and & in the bl damain in the USA-



CONCURRENT TURTLE AND eDNA SAMPLING

eDNA Sampling
« Filter four 2-liter

Aquatic trap plots

* 4 trap-nights per site water samples per
. site: 3 samples and
Collect ] field blank
environmental &
. e Collect
weather variables environmental &

weather variables



SPOTTED TURTLE AND eDNA DETECTION AND
OCCUPANCY

R e s 7 d < '. ‘-;)\r s T
eDNA Occurrence Prob. eDNA Conditional eDNA Conditional
at a Site Occurrence Prob. in a Detection Prob. in a Water
Water Sample Sub-Sample
Water Depth (m) pH gPCR reaction
% Woody Cover Water Temperature (C°) PCR inhibitors

Water Temperature (C°) Total Suspended Solids 222




ESTIMATING ABUNDANCE: BUILDING A STANDARD
CURVE

eDNA Copy Number
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An environmental DNA-based method for monitoring
spawning activity: a case study, using the endangered
Macquarie perch (Macquaria australasica)
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Spotted Turtle Biomass

Summary

1. Determining the timing and location of reproductive events i5 eritical for effcient managenent of species
Hovever, methods wed for

tive arinjuri g, Hence, developing 2.

‘and location of reproduction for aquatie species woul be extremely valushle.

W determine o the ymss release of
spermatozoain paticula DN s Rapproach
nuclear DNA time.

a Bypothesis
by higher of nuckear relstive to - Quisice of the reproductive
period, we find that nuckar and at: dly abundsat water
samples.
3 that o muclear and mitochondria] €DNA can be wsed to
monitor Our method is likely to be trandferrable to other
dean e 1o increase our he spavming

fate or thiestensd spocies 3 well 35 design and evaluste envionmental masagEment actions and detemuine

speciesedtablishment.

Key-words: aquatic verichraies
spermatozoa, wildlife management

Introduction

Manitoring reproduction in austic orgmisns it importast
for the conservation and managenent of species andjor popu-
Istions (Koenig 7 al 2000; Merz & Setka 2004; King et al
2000; Di Franco ef al 112 Kearns et . 2012). Individus)
menitoring methods suffer from hiases, do 5ot provide direct
evidence for fe prodisetion or are unable 1o distinguish between
reproductive failure and high moality rates of eadly life-his-
tory stages. DNA-hased methods provide proising opport-

. P

DNA (eDNA) signals with

genetics DNA.

spawningevents i important to: inerease our understan ding of
the species’ biology (Harrison ef di. 1984; Rose 1993; Grant,
Chawick & Haliday 2009); evaluste the reproductive output
of populations (Levitan ¢f ai 2014); determine population
for both invasive
(Pearee 2013); and design and evaliste mERIgement actions
(Koenig et al. 2000; King et af 2010; Kearns et al. 112). For
‘aquatic vertebrates relying on external fertilizations (g most
fishes and frogs) monitoning reproductive. activity can he
achieved by destructive, injuriows or Boninvasive methods
(Table 1)(Leforter al 1)19). The extra mortality mte imposed
by ing methods makes them undesimble for

reproductive activity in aquatic organisms
ghape
cess caled spawning, ie. the mass elease of reproduetive cells
(oocytes and spemuatozos) into the water colunn, allowing
extemal fertlization (Harrison ef . 1984; Becbee 1996; Cow-
and ef @l 2002). Determining the timing and location of

c Eomait 3

monitoring reproduction in mre and theatened species (Tsu-
Kamoto 206 Wei et al. 2009; Engstedt, Englovist & Larsson
2014). On the other hand, injurious methods i . use of acous-
tic telemetry) are often wnsbk to deliver direct evidence of
spawning and nominvasive methods are senstive to observer
biases and taxonomic misdentiication (Caswell et af. 2004,
Miller et ail 2012; Ko et al 2013; Koster et ol 1% Diana,
Hanchin & Popofl 201 5). Overall, all currently available sarvey
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NEXT STEPS??7?

Use Mesocosm experiments to evaluate same and other factors that
influence eDNA occupancy for eDNA concentration(copy number?)

Develop reference curves for factors that influence eDNA detection of
concenftration. Model relationships among those factors and turtle
abundance.

Develop field-based assessments of eDNA concentration using turtle
sampling network for same and others factors that influence eDNA detection
and occupancy

Develop field-based eDNA concentration model related to primary factors
influencing turtle abundance and eDNA detection
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