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Abstract

Invertebrate-derived DNA (iDNA) from terrestrial haematophagous leeches has recently been proposed as a
powerful non-invasive tool with which to detect vertebrate species and thus to survey their populations. However,
to date little attention has been given to whether and how this, or indeed any other iDNA-derived data, can be
combined with state-of-the-art analytical tools to estimate wildlife abundances, population dynamics and
distributions. In this review, we discuss the challenges that face the application of existing analytical methods such
as site-occupancy and spatial capture-recapture (SCR) models to terrestrial leech iDNA, in particular, possible
violations of key assumptions arising from factors intrinsic to invertebrate parasite biology. Specifically, we review
the advantages and disadvantages of terrestrial leeches as a source of iDNA and summarize the utility of leeches for
presence, occupancy, and spatial capture-recapture models. The main source of uncertainty that attends species
detections derived from leech gut contents is attributable to uncertainty about the spatio-temporal sampling frame,
since leeches retain host-blood for months and can move after feeding. Subsequently, we briefly address how the
analytical challenges associated with leeches may apply to other sources of iDNA. Our review highlights that
despite the considerable potential of leech (and indeed any) iDNA as a new survey tool, further pilot studies are
needed to assess how analytical methods can overcome or not the potential biases and assumption violations of
the new field of iDNA. Specifically we argue that studies to compare iDNA sampling with standard survey methods
such as camera trapping, and those to improve our knowledge on leech (and other invertebrate parasite)
physiology, taxonomy, and ecology will be of immense future value.

Introduction

Gathering knowledge on the abundance, dynamics and
distributions of species is one of the fundamental chal-
lenges for conservation biologists who aim to apply and
assess the impacts of management interventions. At the
root of this challenge lies the need to monitor species over
space and time. Currently, a number of different survey
and monitoring methods are being applied to terrestrial
vertebrates, ranging from physical immobilization with
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possible invasive sampling (e.g. capture for telemetry,
biopsies, etc.) [1] to non-invasive and often indirect sam-
pling (e.g. scat, hair, sound or sign surveys and camera-
trapping) [2—5]. Non-invasive methods are often preferred
for ethical and practical reasons.

In recent years, interest has grown in the application of
environmental DNA (eDNA) as a non-invasive tool with
which to obtain biodiversity information (e.g. [6-10]).
eDNA refers to DNA that can be extracted from environ-
mental samples (e.g., air, water, soil) without needing the
target organisms themselves. When subjected to metabar-
coding, identification of multiple species from a single
bulk sample is possible [11]. Within the general discipline
of eDNA lies iDNA, “invertebrate-derived DNA”, where
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vertebrate genetic material is extracted from invertebrates.
The invertebrates that have been used in iDNA studies
are diverse, including mosquitoes [12, 13], carrion and
blow flies [14, 15], midges [16], ticks [17], and terres-
trial leeches [18]. Similarly diverse are their habitats,
behaviours and diets, which range from flesh-eating
and haematophagous (blood-sucking) to coprophagous
(feces-eating) and saprophagous (eating dead/decaying
organic matter) [19]. Preliminary studies have demon-
strated that iDNA can recover information about verte-
brates across a broad range of taxa with different sizes
and ecologies, with detection sensitivity largely repre-
senting only a single meal per leech (I.B. Schnell
unpublished data and [14, 19]), indicating iDNA has
potential to survey and monitor vertebrates.

Among the potential sources of iDNA, haematopha-
gous terrestrial leeches (Fig. 1) have received consider-
able recent interest from the conservation biology
sector. Relevant species belong to the family Haemadip-
sidae, within the suborder Hirudiniformes [20-22], and
members of this family occupy large parts of Asia,
Australasia, and Madagascar [20, 23] - areas that are
known for their extensive tropical rainforests, rich bio-
diversity and number of endemic or threatened verte-
brate species [24—26]. Given that monitoring efforts are
often severely hampered by the limited economic sup-
port available, one of the most attractive benefits of
using leech-derived iDNA as a tool is that collection is
cheap, rapid, and requires no special skills or equip-
ment, allowing easy recruitment of personnel from
local people. The leech collector simply offers his/her-
self up for bait. Valuable equipment is not at risk of
being damaged or stolen - unlike camera traps - and
there is no need for batteries or CO, - unlike mosquito
traps. Furthermore, in addition to their ease of

Fig. 1 A terrestrial haematophagous leech (Haemadipsa spp.)
sampling vertebrate biodiversity (Rhacophorus spp.). Courtesy
Andrew Tilker (IZW).
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sampling, their generally high abundance allows collec-
tion of large sample sizes. In tropical forests during the
wet season, it is not unusual for single collectors to col-
lect hundreds of leeches per day. Given that such
leeches feed on vertebrate taxa spanning a broad range
of sizes and ecologies (I.B. Schnell unpublished data),
bulk processing of leeches through simply digesting the
entire leech, purifying the total DNA then subjecting it
to metabarcoding PCRs [18] combined with high-
throughput sequencing, provides an efficient means to
assess vertebrate species richness. The number of
leeches collected over any survey area is also a direct
measure of sampling effort, making it easy to quantify
and compare effort across sites and visits. Lastly, rela-
tively high detection success of vertebrate iDNA has
been reported for terrestrial leeches. In contrast to in-
vertebrates with high metabolism and short inter-meal
intervals such as flies and mosquitoes, terrestrial
leeches (and ticks) only feed a few times annually and
to some extent possess the ability to retard the rate of
DNA degradation [18, 27]. Preliminary observations in-
dicate very high detection rates of well-preserved DNA
in leeches [18], suggesting that identification of sex or
discrimination between individuals may be possible.

The steep increase of camera-trapping studies since
the 1990s, when camera-traps were first used systematic-
ally to study wildlife, highlights the demand for reliable,
non-invasive vertebrate survey techniques. The advan-
tages of haematophagous terrestrial leeches as a source
of iDNA raises the hope that they could complement, or
in some instances even outperform camera-trapping. As
such, they could become an important component of
studying tropical rainforest biodiversity, for example in
the context of evaluating the biodiversity co-benefits of
sustainable forest certifications such as FSC and carbon
storage payments such as REDD+.

Despite these apparent benefits and the burgeoning
interest in their application, and although the recovery
of DNA derived from invertebrate blood meals has
been used in the biomedical context for a number of
years - for example to reveal whether various haema-
tophagous invertebrates act as vectors of infectious dis-
eases [27] — the application of iDNA in general, and
leech iDNA specifically to vertebrate species surveying
and monitoring remains relatively undeveloped. In par-
ticular, how iDNA data might be combined with state-
of-the-art analytical tools such as site-occupancy and
spatial capture-recapture (SCR) models to estimate
wildlife abundance, population dynamics and distribu-
tions has not been addressed. The frameworks of
capture-recapture (CR) and occupancy modelling were
developed to address our imperfect ability to count the
individuals in a population (CR; e.g. [28, 29]) and to de-
tect a species’ presence at a sampling location in the
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first place (occupancy; e.g. [30, 31]). However, the cor-
rect use of these modelling frameworks relies on key
assumptions being met by the data. These assumptions
centre on temporal and geographic closure (referring to
“static-ness” of the measure of interest, for example
abundance), the independence of records, and, usually,
the absence of false-positive detections. Thus, although
the potential power of iDNA has led to considerable ex-
citement in the applied ecology and conservation commu-
nity, the roles that the innate biology of the invertebrates
(in particular their behaviour and life-cycle) and the biases
in the data generation methods (including PCR amplifica-
tion, sequencing, and data processing) play with regards
to whether iDNA data can be analysed using the existing
methods, remain unexplored.

In this review, we discuss the challenges that face the
application of existing analytical methods/models to
iDNA, in particular possible violations of key assump-
tions. Although the issues discussed relate to all sources
of iDNA, we focus on the concrete example of terrestrial
haematophagous leeches to illustrate the advantages and
disadvantages of iDNA. We then review the implications
of leech biology for occupancy and capture-recapture
models, and outline developments that are needed to de-
termine if leech iDNA can meet the assumptions of
those methods. Finally, we address how the analytical
challenges associated with leeches may apply to other
sources of iDNA.

Leech-introduced sampling biases

No survey tool is equally suitable to study all species, as
every tool has its inherent sampling biases and uncer-
tainties. Camera traps, for example, are well suited for
surveying medium to large sized terrestrial animals.
Nevertheless, where and how camera traps are set up in-
fluences which species are more likely to be photo-
graphed [32]. In the context of using leeches to inform
modelling approaches, a key question therefore is which
sampling biases would be introduced as a result of their
inherent biology. To date, very few studies have focused
on the digestive biology of terrestrial leech species be-
longing to Haemadipsidae. This introduces uncertainties
that have to be considered during both leech collection
and subsequent data analysis. Uncertainties include those
related to whether leeches exhibit feeding biases as a re-
sult of (i) host-specificity and habitat preference, and (ii)
the discrepancy between time and location of leech collec-
tion versus time and location of feeding (the discrepancy
arising due to movement of the leech during the time that
has passed since its last feed until it is collected).

Host-specificity and habitat preferences
Terrestrial haematophagous leeches have been shown
to feed on a wide range of vertebrate species, including
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birds, amphibians, reptiles and mammals [23, 33]. Al-
though a degree of host-specificity has been recorded
for some terrestrial leech species — for example, the
species Tritetrabdella taiwana seems to feed primarily
on amphibians [34] — it is still not fully understood
whether this is a true host preference, or simply an out-
come of what animals are present in the same (micro-)
habitats as the leeches. Behavioural studies have dem-
onstrated that while coexisting Bornean brown (Hae-
madipsa sumatrana) and tiger leeches (Haemadipsa
picta) both feed on mammals (with no apparent prefer-
ences shown within mammals), brown leeches live on
the ground, and tiger leeches usually sit on leaves of small
trees and bushes [34, 35]. Consequently, tiger leeches are
less likely than brown leeches to feed on small, fossorial
terrestrial mammals. Thus, even if terrestrial haematopha-
gous leeches are opportunistic feeders, any given species
likely will not feed on all vertebrates in an area evenly, and
the general lack of knowledge about leech taxonomy
(Table 1 and Fig. 2), phylogeography, and behaviour makes
it challenging to account for interspecific ecological differ-
ences among leeches in both collection and subsequent
data analysis.

Temporal and spatial discrepancies between feeding and
collection

Camera traps provide time-stamped records of which
vertebrate species were present at known spatial loca-
tions - haematophagous terrestrial leeches do not. Be-
cause of long inter-meal intervals and possible leech
movement after feeding, it is impossible to determine
exactly how far away the parasitised host (i.e., the target
species) is from the location of leech collection. The
time since last feeding event is not fixed but can be in-
fluenced by leech species, size of last blood meal, how
many previous feedings the leech has had, and even
leech size and age [23, 36].

Table 1 A brief introduction to the challenge of leech
taxonomy

The relative phylogenetic relationships of the genus Haemadipsa that
result from maximum likelihood analysis of combined cox1 and cox3
mitochondrial data (Fig. 2) reveal a variety of challenges associated
with the use of iDNA. The proper identification of species in the
family Haemadipsidae relies both on internal sexual characteristics
[72, 76, 771 and on external patterns in color, annulation and eyespot
arrangements [20, 73, 74]. Consequently, field collection with rapid
assessment are limited to the designation of morphospecies;
aggregations of specimens that look, but are not necessarily
genetically, alike. Species assignments and delimitations on the basis
of DNA barcodes necessarily are predicated on the accuracy and
precision of the information available in public databases [75, 80].
Both of these desiderata are undermined by incomplete coverage
across taxonomic groups of interest, by the persistence of
misidentified isolates in public databases, by the existence of
undiscovered diversity and by cryptic species.
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Climate is another factor influencing inter-meal inter-
vals. Temperature, humidity and light intensity affect
leech species in different ways, but a common observa-
tion is that leeches living in aseasonal environments
have a more uniform feeding behaviour compared to
leech species living in seasonal environments [23]. Al-
though terrestrial haematophagous leeches are believed
to be mostly quiescent between feeding events, limited
movement to more or less moist areas has been ob-
served (M. Siddall unpublished data), and passive move-
ment on a host during a failed feeding attempt is also
plausible. Whether these are significant sources of error
depends on how large the leech movements are relative
to the movement of the target species, and the spatial
resolution of the study. For example, it might not be
possible to study microhabitat associations of target spe-
cies that exhibit little movement themselves, but macro-
habitat associations of wide-ranging species should not
be impacted by small-scale leech movements. In sum-
mary, while leech iDNA clearly offers the potential to
provide a fast and relatively cheap overview of vertebrate
species present in an area, its power as a survey tool will

benefit from increased understanding of the taxonomy,
distribution, and behaviour of terrestrial haematopha-
gous leech species.

Biases associated with the generation and identification
of sequence data

Challenges to iDNA studies (regardless of the source) at
the molecular analytical level predominantly relate to
the occurrence of false positives and false negatives.
These errors can occur both during sequence data gen-
eration and in subsequent processing.

Sequence-based data generation

Avoiding contamination of single leech samples with
other sources of DNA represents the principal challenge
during iDNA sequence generation. Contamination may
be derived from contact with the handler, or within the
laboratory in which they are analysed, as both could re-
sult in the generation of false-positive detections. Con-
tamination principally arises due to the fact that,
although leech iDNA is generally of good quality, it is
more degraded and present at much lower concentration
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than DNA from fresh tissues, and particularly in ana-
lyses relying on PCR amplification coupled with second
generation sequencing, some level of (cross)-contamin-
ation with other sources of DNA, especially amplicons,
seems unavoidable. However, laboratory based contam-
ination can be limited/identified if (i) material is ana-
lysed following ancient or forensic DNA guidelines, (ii)
by personnel skilled in the analysis of degraded mate-
rials, (iii) incorporating replicate analyses, negative DNA
extraction and PCR controls, and (iv) introducing a de-
gree of conservatism during bioinformatic analyses [37].
A useful measure is the adoption of ‘blocking’ probes to
prevent for example human DNA amplifying during
PCR [38], since its presence in a sample provides no
useful ecological information, given that collectors are
likely to add their DNA to samples.

Sequence data analyses
No matter what iDNA information is available from
leeches, its potential use is dependent on the sensitivity
and specificity of the methods used to target the iDNA,
and subsequently, the quality of reference databases against
which the iDNA sequences are compared. Currently,
species-diagnostic reference DNA sequences exist for only
a fraction of the vertebrate species living in the tropical
rainforests and other ecosystems inhabited by terrestrial
leeches. While this problem can be resolved in part simply
by generating more barcode markers from more species,
the deeper issue is that even for relatively well-studied
groups of mammals, some studies indicate that the num-
ber of identified species is highly underestimated in com-
parison to the true diversity [39], and as long as species are
not recognized as such, the quantity of missing DNA se-
quences in the public DNA reference databases cannot be
assessed. Therefore, as with other eDNA and iDNA stud-
ies, continued efforts to both refine species taxonomy and
documentation, as well as genetic characterization of those
missing from public DNA databases is essential.
Furthermore, many sequences published in Genbank
are unreliable [40, 41]. Many contain PCR or sequencing
errors and un-excised primer sequences or cloning vec-
tors. Furthermore, the taxonomic assignment given to
numerous databased sequences is inaccurate, either due
to initial misidentification of the source specimen, con-
tamination of samples during DNA sequence generation,
or incorrect labelling of nuclear mitochondrial insertions
as true mitochondrial sequences (or vice versa). Finally,
information about the geographic origin of the source spe-
cimen is often absent from the database, thus hampering
phylogeographic assignment of sequences to populations,
subspecies, or even species (in cases where species have
been split after submission of the sequence). Thus, appro-
priate curating of both newly generated and pre-existing
DNA sequences in the public databases must take a key
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role within the rapidly expanding number of barcoding
initiatives.

Challenges at the genetic analysis stage can limit many
assignments to higher taxonomic ranks at best, or result
in false positive and false negative species detections. In
particular, false positives significantly bias statistical
analyses [42], while lack of high taxonomic resolution
prevents species-level inference. Many ecosystems, espe-
cially tropical forests, harbour multiple species of the
same genus/subfamily, with one of the species often be-
ing much rarer and/or threatened. For example in the
Central Annamites in Vietnam, the endangered large-
antlered muntjac Muntiacus vuquangensis occurs sym-
patrically with the more common northern red muntjac
Muntiacus vaginalis. If these species are combined into
the same operational taxonomic units (OTUs), iDNA
data cannot directly inform the conservation of the
threatened species.

Individual identification

Non-invasive genetic individual-level studies have been
applied to a diverse array of animal taxa, using DNA
isolated from a range of sample types including hair (e.g.
[43, 44]), feathers (e.g. [45]), and faeces (e.g. [46, 47]).
Several authors have discussed the pitfalls of using indi-
vidual identification based on genetic markers in
capture-recapture models and the effects of possible
misidentification on abundance estimates of target spe-
cies. Among others, these challenges include (i) allelic
dropout, in which one of the two alleles of a heterozy-
gous individual fails to amplify (false identification), and
the (ii) shadow effect, where the genotype from one indi-
vidual is indistinguishable from that of a previously cap-
tured animal (e.g. [48, 49]). Whereas to date most
studies have used microsatellite loci, recent technical de-
velopments have increased the number of single nucleo-
tide polymorphism (SNP) loci that can be studied per
unit cost. It is likely that the higher number of SNP
loci can reduce the pitfalls associated with earlier
microsatellite-based individual identifications. The gener-
ally well preserved DNA in terrestrial haematophagous
leeches ensures that both such marker types can be
amplified from at least a proportion of samples (I.B.
Schnell unpublished data), thus potentially enabling
identification of individuals. However, identification
based on leech iDNA might be even more challenging
than for most other non-invasive DNA sources, which
usually originate from only one individual. More than
one individual of the same vertebrate species might
be present when analysing the leech iDNA, either
within the same leech, or within the same pool of
leeches if multiple leeches are analysed as a single
unit. Although the first is unlikely for a rare species,
the latter seems more likely - often pools of leeches
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must be analysed as single units so as to reduce ana-
lysis costs to a reasonable level. If two individuals
from a single species are co-amplified, the resulting
mixed profiles will represent artificial genetic diver-
sity, a similar problem to the allelic dropout. This in
turn will lead to overestimation of the species’ popu-
lation size.

From random leech collection to organized surveys

Given our current knowledge about both the certain-
ties and uncertainties of leeches as a sampling tool,
and the limitations associated with how the iDNA
can be translated into vertebrate data, a fundamental
question is how (or even whether) leech iDNA can be
used in combination with existing analytical tools,
given the idiosyncrasies of sampling invertebrates and
the assumptions and requirements of these tools. To
address this, one must first consider what analytical
tools are available to survey species and populations.
At the simplest level, one might ask whether a par-
ticular target vertebrate species is present in an area
of interest. The most basic approach to answering
this question is through direct identification of the
target species — something for which there now exists
a number of well developed techniques including
single-species approaches such as PCR coupled to
cloning/Sanger sequencing, or qPCR using species-
specific probes, or metabarcoding approaches that are
based around deep amplicon sequencing using High
Throughput Sequencing Platforms [11]. With such
data, one can subsequently consider those species de-
tected as present, and those not detected as absent,
although such approaches suffer from both leech spe-
cific, and more general weaknesses. From the leech-
specific angle, the above discussed challenges relating
to generalist feeding preferences [23, 33], render it
hard to collect leeches in a manner that would enable
efficient targeting of specifically chosen vertebrate
species. The obvious general weakness is that failure
to detect a vertebrate species is not proof of its ab-
sence (e.g. [31]). A variety of models have been devel-
oped that take into account the imperfect detection
probabilities, so as to overcome such “false absences”,
both at the species (occupancy) and the individual
levels (capture-recapture).

Ultimately, the exact analytical tool to use depends on
the goal of a particular study, and the data to be col-
lected depends on the analytical tool of choice [50, 51].
We therefore discuss leech iDNA in the context of occu-
pancy and spatial capture-recapture models, because
they (a) account for imperfect detection, (b) are widely
used in the field of wildlife monitoring, and (c) present
fields of on-going model development. Both approaches
are widely used on data derived from camera trapping
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and other (mostly) non-invasive survey approaches, and,
as discussed below, require specific consideration before
they can be applied to leech iDNA. See Table 2 for an
overview of the basic assumptions in the analytical tools
described in this paper.

Presence surveys

We refer to presence surveys as those that are only
concerned with establishing either the presence of a
single focal species in a larger study area (for example,
a national park), or a species count for an area. In both
cases, raw data are used without accounting for imper-
fect species detection (so no inference should be made
concerning species absence), and there is no interest in
determining habitat associations or abundances. In this
case, leech collection does not need to follow a specific
sampling design. If interest is on a single species, its
(assumed) preferred habitat can be targeted; if interest
is on a species count, sampling should be stratified to
increase the chance of detecting species with different
ecological requirements.

The additional complication of iDNA is that detection
of a vertebrate species in a leech is not proof of its pres-
ence in a specific location on the day of collection but in-
stead provides evidence only of its presence in a larger
area, the size of which depends on typical vertebrate and
leech movements within a timeframe. For the leech, the
effect of movement depends on feeding intervals and
blood retention/DNA preservation times. Considering
the very limited and coarse inference that is desired
from simple presence surveys, leech movement after
feeding and blood retention likely does not present
much of a problem.

Occupancy models

Occupancy models [30, 52] treat species observations only
as detections versus non-detections, rather than concluding
presence versus absence. Over repeated visits to a collection
of sampling sites, which are used to compensate for im-
perfect species detection, species detection/non-detection
data can be used to estimate the probability of true species
occurrence. Both occupancy and detection probability can
furthermore be modelled as functions of environmental
covariates (see Table 3 and Fig. 3 for aspects that can
influence target species detection probability in leech-based
occupancy studies). Occupancy models provide estimates
of the percentage of the total area occupied (PAO) and
the probability of occupancy at any given site according to
environmental covariates, which are parameters of great
interest for many wildlife management programs.

Key assumptions of occupancy models concern the
spatial independence of sampling sites and the inde-
pendence of repeated visits to a particular site. Further,
the occupancy state of each site is assumed to be
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Table 2 Common analytical tools and their basic assumptions
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Presence Occupancy modelling Spatial capture-recapture
Goal/ Is a particular species present?  Probability of occurrence/distribution; multi-species occu-  Abundance/density
Measure pancy modelling for species richness
Important Independence of samples (both spatial and temporal); Population closure; detections are
assumptions occupancy state at each site remains constant during the  independent among individuals
study (closure assumption’); for multi-species occupancy,
sampling of different species must be independent of
each other
Data Stratified sampling of different At least 20 sites, at least some (random) with repeated Individuals are identifiable; several (at
requirements habitat types to maximize visits the very least 5) individuals, recaptures

detection probability

Key literature
Franklin AB [52]

MacKenzie DI, Nichols JD, Hines JE, Knutson MG and

at different locations

Royle JA, Chandler RB, Sollmann R and
Gardner B [62]

Table 3 Detection probability in leech-based occupancy
modelling

The question of leech habitat use versus target species habitat
described in ‘Occupancy modelling’ points towards an important
aspect: the definition of detection probability in leech-based occupancy
studies. The most basic definition of detection probability in occupancy
models is the probability that the species is detected, given that it is
present [31]. However, in any realistic situation, the probability structure
is much more complex. For example, if birds are detected by song, the
probability of detection constitutes two pieces i) the probability that a
bird sings and ij) the probability that the song is detected by an observer
and correctly assigned to a species (Fig. 3a-c illustrates the components
that contribute to the detection probability for some common survey
methods compared to leeches)In the case of leech sampling, the series
of probabilities leading to species detection is even more complex

(Fig. 3¢). On the basic level, j) both the leech and target species have to
be present at the sampling site. One is not necessarily conditional on the
other, but it seems reasonable to suspect some correlation between the
two (leeches should not occur where there are no hosts). Leech habitat
preferences, for example, feed into the probability of a leech being
present at a sampling site. Conditional on both leech and target species
being present, ii) the leech then has to feed on the target species, and
here, possible leech host preferences can influence detection. On the next
level, jii) a collector has to detect the leech. The probability of detecting a
leech could be influenced by habitat, weather, time of day and ability of
the collector. Conditional on a leech filled with remnants of blood of the
target species being collected in the field, then come ) the lab related
probabilities — that DNA can be extracted, amplified and correctly
identified to species level. For example, if a reference sequence of
a particular species is missing it is impossible to match the sequences
obtained from the sample, and thus the species will be not detected.In
the analysis of the resulting species detection/non-detection data, all
these levels of the detection process get balled up into a single
"detection probability”. It is important to keep in mind the different
processes that feed into this parameter, as variation in any of these
levels across sampling sites or times or even leeches, can lead to biased
results if not accounted for. Fortunately, methods such as occupancy
modeling enable detection probability to be modeled as a
function of spatial and temporal covariates. This is regardless of
where in the process (e.g. from biology of the leech to sensitivity
of genetic assay) these occur. For example, covariates could
include measurable variables (both continuous or categorical)
related to the genetic analyses, such as amount of blood extracted from
a leech, measures of DNA quality, etc. These measures, however, may
not be as straightforward to obtain when pools of leeches constitute a
sample, rather than a single leech.

constant over the course of the survey (the ‘closure’ as-
sumption). But note that with data from repeated sur-
veys, dynamic occupancy models can be used to
estimate probability of site extinction and colonization
[52]. When applied to multiple species, community
occupancy models can be used to estimate species rich-
ness (e.g. [53, 54]). In this case, the independence of
species is an additional assumption.

Under the assumptions that (i) only DNA from the
last blood meal is detected and (ii) the movement of
leeches after detaching from their last host is negligible,
spatial independence becomes predominantly a question
of survey design and the spatial ecology of the host spe-
cies. Leeches should be collected at locations that are
spaced far enough apart to avoid spatial autocorrelation
induced by the movement of individuals of the target
species. The independence of repeated visits to a par-
ticular site seems to be well approximated considering
that at every visit to a site, a new set of different individ-
ual leeches is collected.

The question of constant occupancy is harder to tackle
with leeches. Laboratory-based experiments using abso-
lute quantification real-time PCR assays targeting short
(ca 150 bp) mitochondrial DNA fragments derived from
known species meals have shown that vertebrate DNA
can be obtained from medicinal leeches at least 4-5
months after feeding [18]. If these observations hold true
with wild terrestrial haematophagous leech species, the
time of leech collection and the time of target-species
presence could differ by months. Leeches collected at
one site likely also have fed at different times in the past,
further complicating the question of temporal resolution
of the data. Changes in occupancy status of a site (ie.,
going from occupied to unoccupied, or vice versa) dur-
ing the survey violate the assumption of ‘population
closure’ and leads to complex biases in estimates of
occupancy [55]. Assuming constant occupancy patterns
over larger time frames may not be particularly prob-
lematic in relatively stable systems of intact tropical
evergreen forests, but may pose a bigger problem in
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Fig. 3 Components influencing detection probability. Panels represent three selected detection methods: a Vocal cues, b Camera traps and ¢
Leech collection assuming presence of target species (and leech species). With vocal cues a, detection probability constitutes of p (Focal species
sing), p (Observer hears song) and p (Correct identification of species by the observer). For camera traps (b) it is p (Focal species goes in front of
camera trap), p (Camera is being triggered) and p (Correct identification of species by the observer). When using iDNA from leeches (and most other
invertebrates) ¢, the detection probability constitutes of p (Leech feed on focal species), p (Fed leech collected), p (Target DNA extracted/amplified)

and p (Correct identification based on the DNA)

disturbed and unstable habitats. The difficulties in defin-
ing the temporal frame of the population under study
should be kept in mind. Knowledge on feeding rates and
intervals, as well as host DNA retention in the field (in
essence, sensitivity to detection through the molecular
tool used) would help quantify this potential problem.
When the aim of the research is to analyse data of
multiple species jointly in a community occupancy
analysis, the limited number (possibly only one with

certainty) of species that can be detected in a single
leech poses a problem. If species A is found in a leech,
it is no longer possible to detect any other species in
that same leech, and detection of species is therefore
no longer independent. This situation also arises with
other survey methods, for example box traps, where
once an individual/species has been caught, that trap
closes and is no longer available for other individuals/
species to be captured in. A manner to alleviate this
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dependency in species detections is to pool multiple
leeches per site and visit. Each leech can “capture” one
species, and the more leeches that are pooled together
at each visit, the more species that can potentially be
detected, reducing the amount of dependency among
species. However, without additional information on
the size and evenness of the sampled community and
possible leech feeding preferences, it is impossible to
advise on the number of leeches that should be pooled
per sample.

Another important assumption of occupancy models
is that data do not contain false positives (false negatives,
ie. failure to identify a species from DNA, are readily
handled by occupancy models, as long as they occur at
random, because they just constitute a different form of
not observing the target species). Taxonomic assignment
methods should therefore be conservative rather than
overly optimistic. Occupancy models allowing for false
positives have been developed, but the practical imple-
mentation of early models [42] is limited [56, 57],
whereas the application of most recent models requires
additional information on the false-positive generating
process [58, 59].

Capture-recapture models
Capture-recapture (CR; e.g. [28, 29]) methods, includ-
ing spatial capture-recapture (SCR; e.g., [60—63]), make
use of individual-level detection data to estimate indi-
vidual detection probability in order to obtain unbiased
estimates of abundance or density. When used on tem-
porally repeated datasets, capture-recapture data can
further be used to investigate population dynamics (e.g.
[64]). We focus this discussion on the assumptions and
data requirements of single-season (i.e., closed popula-
tion) SCR models, because these constitute an improve-
ment over traditional closed population methods,
specifically when it comes to surveying rare and wide
ranging species (e.g. [65]). By making use of spatial in-
formation associated with individual detections, these
models are able to account for variation in individual
exposure to the sampling array, as well as animal move-
ment. Key assumptions of SCR models that need care-
ful consideration when using leeches as a sampling tool
include independence of detections among individuals
and demographic closure of the study population dur-
ing the study period. In contrast to occupancy models,
where each individual should only be detected at one
sampling site, SCR models require multiple recaptures
of the same individual at several sampling sites to esti-
mate a movement-related parameter that is part of the
detection model.

Similar to occupancy surveys, we have to assume that
the leech location is representative of the location of
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the individual target animal detected within the leech.
As long as only the last meal is detected (or can be dis-
tinguished from previous meals), and leech movement
is negligible relative to target species movement, this
assumption seems reasonable. Several SCR studies
using search-encounter type methods, rather than fixed
location detectors, have analysed detection data by dis-
cretising space into grid cells and assigning detections
to grid cell centre points (e.g., [66]). As long as the
resolution of the grid was narrower than animal move-
ment, resolution had little to no effect on density esti-
mates, suggesting that within these limits, SCR models
are robust to uncertainties about the location of an in-
dividual detection [62].

Independence in detection among individuals is more
problematic. A leech that has fed on an individual will
likely not feed on another individual for quite some
time, thus becoming unavailable to other individuals in
the study area. This presents a situation similar to the
species-level dependency in detection we described for
community occupancy models. In SCR models, a sam-
pling device that can only hold a single individual is
termed a single-catch trap, and to date there is no for-
mal model describing the detection process for these
kinds of traps. However, failure to account for the de-
pendencies in detection induced by single-catch trap
type detectors does not seem to cause bias in estimates
of density, particularly when trap saturation (the per-
centage of full traps in a given sampling occasion) is
low [60]. Assuming that leeches are hyper-abundant
relative to their hosts, we believe there is little chance
for “leech saturation”. Dependence in individual detec-
tions can further be decreased by pooling multiple
leeches (see also community occupancy models above),
thus allowing several individuals to be detected simul-
taneously. Leeches differ from typical single-catch traps
in that individuals can be “captured” (i.e., detected) in
more than one leech, and therefore at more than
one survey location, in a given sampling occasion. To
our knowledge, nobody has attempted to investigate
whether these characteristics of leech iDNA collection
have any impact on density estimates from SCR
models.

Potentially the largest issue with leech collection for
SCR analysis is the difficulty of defining a temporal sam-
pling frame, because the ages of detected blood meals
are unknown. The individual we detect in a leech may
have died or emigrated since it served as a host, thus
violating the assumption of population closure. Animals
that become unavailable for sampling during the survey
(because they die or emigrate), or that become available
only well after the survey was initiated (because they get
recruited) cause bias in estimates of detection probabil-
ity, which translates into biased estimates of abundance/



Schnell et al. Frontiers in Zoology (2015) 12:24

density. Without (i) the ability to age blood meals and
(ii) knowledge about the feeding intervals of wild terres-
trial leeches, it currently seems difficult to work around
this problem, and this should be kept in mind as a po-
tential source of bias when using SCR on leech data.

Lastly, leech-based (S) CR methods are subject to
possible genetic misidentification error. In non-spatial
capture-recapture, efforts have been made to formally deal
with genetic misidentification (reasons for genetic mis-
identification are described in the paragraph “Individual
identification”) [67-69]. To our knowledge, genetic mis-
identification issues have not yet been addressed in an
SCR framework.

General discussion

While a potential wealth of information can be extracted
from leeches, ultimately the economics of conservation
biology mandate that output information must be
viewed in light of gains made. In short, as financial re-
sources spent on monitoring often directly diminish
those available for conservation actions [70, 71], invest-
ment in leeches as a source of iDNA can only be justi-
fied if they are to provide reproducible and reliable
information. In this context a number of topics that re-
late to both information about leeches, and the analytical
methods themselves, urgently require addressing so as
to ensure this is possible.

Future research priorities - Leech taxonomy, ecology,
physiology

At perhaps the most basic level lies improvement to
current leech species identification and taxonomy
(Table 1). This is a complex task that will require re-
solving conflicting historical names and describing new
species. Multiple unrelated leech lineages are called by
a single name, and a few species exist that are known
by multiple names across their geographic range. In
addition there are both likely cryptic leech species, and
a host of undescribed species that require attention
(e.g. [22, 72-75)).

In addition to taxonomy, an improved understanding
of the seasonal occurrences and abundances of leech
species, as well as potential habitat and feeding prefer-
ences, is important. In this regard, knowledge of leech
movement would be invaluable for tackling questions
relating to the spatial resolution of target species obser-
vations, as required by subsequent analytical methods.
Improved information on leech biology and taxonomy
(e.g. [20-23, 72-77]), is also key for determining
whether ecological groups of leeches can be defined
that exhibit similar behaviour with regards to time
since last feeding event, movement after feeding event,
and potential host or habitat associations. Until proven
otherwise, it should be assumed that leeches of
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different species (and possibly even size and age within
a species) behave differently. It should be noted that
the existence of ecologically different groups of leeches
can be accounted for in subsequent analyses, as long as
they are separated from each other (as far as possible
based on current knowledge) for genetic processing.

Considerations for study design

While leech collection is a non-invasive means to sur-
vey their vertebrate hosts, it is of course very invasive
for the leeches themselves. Therefore, careful consid-
eration should be given to study design, and to ensur-
ing reliable downstream analyses. In this way,
unnecessary collections that could potentially signifi-
cantly affect leech populations can be avoided. Basic
information such as the percentage of collected
leeches that contain amplifiable DNA in different en-
vironments, altitudes and seasons, as well as differ-
ences between leech species, represent important
factors to be incorporated into any study design. It is
important to note that leech sampling not only pro-
vides data on vertebrates, but also yields information
that could improve our knowledge of leech ecology
(e.g. [23, 75]). Variation in leech detections across
space could be incorporated into models of leech
abundance and distributions providing insight into
habitat associations of leeches.

Leeches and occupancy modelling

Despite some potential difficulties, it appears that
leech samples sufficiently approximate the basic as-
sumptions of occupancy modelling when used within
a well-planned study. The key open question is to
what extent leech habitat preferences limit the appli-
cation of occupancy models. Obviously, it is impos-
sible to use leeches as a tool to study vertebrates in
habitats where leeches do not occur. If heterogeneous
landscapes are studied, where leech habitat and non-
leech habitat are interspersed, inference on occupancy
of the non-leech habitat by a vertebrate target species
is impossible. But even within leech habitats, it is pos-
sible that leeches prefer certain conditions, e.g. moist
and shady, and are therefore more likely to be found
in one spot than in another [23]. If we think about
an individual leech as a sampling device, then pools
consisting of fewer leeches translate into a lower prob-
ability of detecting the target species in a pool, simply
because they represent fewer “sampling devices”. A
straightforward way to avoid potential bias stemming
from leech habitat preferences is to standardise the
number of leeches collected per site and visit, so that
target species detection probability is not influenced
by the number of leeches collected, although areas
with low leech densities will naturally increase
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logistical costs. Alternatively, the number of leeches
found in a sampling plot could be used as a covariate
on target species detection probability. A lower prob-
ability of encountering a leech at a given site then
translates into a lower detection probability of the tar-
get species (Table 3). This is analogous to, for ex-
ample, accounting for the number of days a camera-
trap was functional within a sampling occasion when
estimating species detection probability in camera-
trap based occupancy models.

It is also uncertain as to whether individual leeches
collected at a single site during a single visit could be
used as ‘repeat visits’ for the purpose of single-species
occupancy models. When using single leeches, we ex-
pect that the detection probability of a given species
would be close to zero, which leads to parameter estima-
tion problems in occupancy models. Leeches, however,
have the advantage that even when collected at the
same point in space and time, it is still conceivable
that they constitute independent samples, because it
is unlikely that they have fed on the same animal and
dropped off their last host at the same time and
place. Therefore, if a large number of leeches can be
collected during a single visit, they could be split into
subsets, which then constitute the’repeat visits’. This
would greatly reduce required time effort in the field,
especially in remote areas, as a single visit could pro-
vide the necessary repeated observations.

Leeches and spatial capture-recapture modelling

There is potential to obtain SCR data from leeches,
and this would tremendously increase our ability to
study populations of rainforest mammals: Only in a
small fraction of species can individuals be visually
distinguished on camera-trap photographs; the moist
and hot climate renders scat-based genetic collection
and identification from some species difficult to im-
possible; and the vast majority of species is too rare
and/or elusive for alternative observation-based methods
such as distance sampling. On the other hand, when
using methods like camera-trapping, it is possible to
effectively target certain groups of animals, such as
predators, by placing cameras on well-defined trails
(e.g. [78, 79]). Such targeted collection is not possible
with leeches. At this time we are not aware of any in-
formation from the field giving insight into how likely
it is to detect the same individual twice when collect-
ing leeches. Thus, it may turn out that this method is
financially prohibitive for SCR modelling, particularly
of rare species, because obtaining an adequate sample
size would require sequencing a huge number of
leeches individually. While continuing decreases in
sequencing costs should allow for commensurate
increase in leech screening ability, it may be that
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suitable sample sizes remain out of reach for other
reasons (e.g. limited storage capacity, concerns for
leech populations).

Extrapolation from leeches to other sources of iDNA

As mentioned in the introduction, other sources of iDNA
have been studied as well (e.g. [12—17]). Even though sev-
eral other invertebrates seem to hold promise as a tool for
sampling vertebrates, many of the same considerations
and potential biases exist if they are to be used as a sys-
tematic vertebrate surveying tool. Invertebrates with high
metabolism such as flies and mosquitoes have shorter
inter-meal intervals than leeches or ticks, resulting in
higher temporal resolution of target species detections.
Flying, on the other hand, likely results in larger move-
ments of the invertebrates, increasing uncertainty about
the actual location of the target species. Vertebrate DNA
derived from saprophagous insects further pose the prob-
lem that the detected target animal is dead and thus its
“occurrence” is not directly shown [19]. This problem
potentially also applies to coprophagous invertebrates,
which, if feeding on carnivore faeces, may yield DNA of
consumed prey [14]. A short overview of the most import-
ant traits of four different invertebrates in relation to
suitability as a source of iDNA-based species or individual
observation data is provided in Tables 4 and 5.

Conclusions

Terrestrial haematophagous leeches hold considerable
potential as a tool upon which to base vertebrate surveys
and monitoring programs. Nevertheless, before their po-
tential can be fully exploited, considerable effort is re-
quired to improve our understanding of leech taxonomy,
biology and behaviour. With this information secured,
the fundamental assumptions upon which the state-of-
the-art analytical methods rest can be re-assessed, and
decisions can be made about the true potential and
limits of the leech system. Naturally the challenges fa-
cing leech iDNA are not unique to leeches, and in many
cases can be directly extrapolated to other invertebrate
sources of iDNA (Tables 4 and 5). Until these challenges
are resolved, it will, however, be critical to continue pilot
studies - only application in the field will reveal the
amount of data (species and individual level detections)
that can realistically be collected using appropriate and
logistically feasibly sampling protocols (sufficient sam-
pling sites and repeat visits within a reasonable time
frame). In particular, we advocate the need for in situ
comparisons of leech (or indeed, any) iDNA tools with
other standard survey methods, including camera trap-
ping, other sources of eDNA and human surveys. With
this information in hand, researchers will be able to as-
sess the relative strengths and weaknesses of iDNA ver-
sus such methods, and in doing so apply combinations
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Table 4 Terrestrial haematophagous leeches versus other sources of iDNA [13, 15, 16, 81-89]
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Terrestrial Blow/Flesh Mosquitos Ticks
leeches flies
Geographical The Indo-Pacific, incl. ~ Worldwide Worldwide Worldwide
distribution Madagascar, Australia

Invertebrate activity

and Tasmania

Seasonal variation

Seasonal variation

(moisture dependent)

Seasonal variation

Collection efficiency High High Medium
Collection method By hand/trap Traps Traps
Diet Haematophagous Saprophagous Haematophagous
Coprophagous
Flesh-eating

Potential feeding bias

Between classes of
vertebrates, species

Between classes of
vertebrates,

Between and within classes of
vertebrates, single host specificity

Seasonal variation

Low
By hand/nets

Haematophagous

Between and within classes of
vertebrates, single host specificity

dependent primarily mammals documented, species dependent documented, species dependent
Size of "host"-meal <15 mL <60 uL 2-10 pL <1 mL
Multiple detectable Possibly Yes Yes Yes
meals
Percentage of samples  20-85 % 20-50 % 40-80 % 40-50 %
containing amplifiable
host DNA
Host individual ID Yes Yes (1 %) Yes (30 %) N/A
Temporal scale Months-1 year Days <1 week Weeks - 10 months
(Time last meal (depending on life cycle stage)
remains detectable)
Spatial scale < 1km < few kilometres Few meters Few meters

(Distance from last
“meal” to collection site)

Table 5 How do different iDNA sources fit into the discussed
analytical tools and their basic assumptions?

Terrestrial Blow/Flesh Mosquitos  Ticks
leeches flies
Presence Suited, but “Suited” (risk of Suited but Suited but
possibly not identifying restricted to  restricted
ideal for carcasses) preferred to
arboreal hosts, if any  preferred
species hosts, if any
Occupancy Suited but Collection Collection Suited but
potential location not location not  potential
violation of necessarily necessarily  violation of
constant equal to host  equal to ‘closure’
occupancy location (risk ~ host assumption
assumption of identifying  location
carcasses)
(S) CR Potential Collection Collection Suited (7)
violation of location not location not
population necessarily necessarily
closure equal to host  equal to
assumption location; very  host
low success location
rate of
microsatellite-
based geno-
typing (risk of
identifying
carcasses)

of existing tools so as to maximize the data generated in
biodiversity assessment and monitoring studies.

Abbreviations
CR: Capture-recapture; eDNA: Environmental DNA; iDNA: Invertebrate-derived
DNA; SCR: Spatial capture-recapture.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

IBS, RS, AW and MTPG spearheaded the writing of this review, which also
received significant input from SCS, MES and DWY. All authors read and
approved the final manuscript.

Acknowledgements

The authors thank the Danish National Research Foundation (DNRF94), the
Natural History Museum of Denmark, Federal Ministry of Education and
Research (BMBF FKZ: 01LN1301A), IZW, Yunnan Province (20080A001), CAS
(0902281081, KSCX2-YW-Z-1027), NSFC (31170498), MOST (2012FY110800),
UEA, and the State Key Laboratory of Genetic Resources and Evolution at the
KIZ for funding their research, and Mads Frost Bertelsen (Copenhagen Z00),
Kristine Bohmann (Natural History Museum of Denmark), Bill Robichaud
(Saola Working Group), and Beth Gardner (North Caroline State University)
for support and fruitful discussion.

Author details

!Centre for GeoGenetics, Natural History Museum of Denmark, University of
Copenhagen, Copenhagen, Denmark. “Center for Zoo and Wild Animal
Health, Copenhagen Zoo, Frederiksberg, Denmark. 3Leibniz Institute for Zoo
and Wildlife Research, Berlin, Germany. “Department of Forestry and
Environmental Resources, North Carolina State University, North Carolina,



Schnell et al. Frontiers in Zoology (2015) 12:24

Raleigh, USA. *Epidemiology of highly pathogenic microorganisms, Robert
Koch Institute, Berlin, Germany. ®Sackler Institute of Comparative Genomics
and Division of Invertebrate Zoology, American Museum of Natural History,
New York, USA. “School of Biological Sciences, University of East Anglia,
Norwich Research Park, Norwich, UK. 8State Key Laboratory of Genetic
Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of
Sciences, Kunming, Yunnan, China. “Trace and Environmental DNA
Laboratory, Department of Environment and Agriculture, Curtin University,
Perth, Western Australia, Australia. '°Present address: US Forest Service,
Pacific Southwest 17 Research Station, 1731 Research Park Drive, Davis, CA
95618, USA.

Received: 7 May 2015 Accepted: 5 September 2015
Published online: 01 October 2015

References

1.

Powell LA, Conroy MJ, Hines JE, Nichols JD, Krementz DG. Simultaneous Use
of mark-recapture and radiotelemetry to estimate survival, movement, and
capture rates. J Wildl Manag. 2000;64:302-13.

Braseth H, Flagstad @, Waérdig C, Johansson M, Ellegren H. Large-scale
noninvasive genetic monitoring of wolverines using scats reveals density
dependent adult survival. Biol Conserv. 2010;143:113-20.

Karanth KU, Gopalaswamy AM, Kumar NS, Vaidyanathan S, Nichols JD,
MacKenzie DI. Monitoring carnivore populations at the landscape scale:
occupancy modelling of tigers from sign surveys. J Appl Ecol.
2011;48:1048-56.

O'Connell AF, Nichols JD, Karanth KU. Camera traps in animal ecology:
methods and analyses. Berlin: Springer; 2010.

Thompson ME, Schwager SJ, Payne KB. Heard but not seen: an acoustic
survey of the African forest elephant population at Kakum Conservation
Area, Ghana. Afr J Ecol. 2010;48:224-31.

Andersen K, Bird KL, Rasmussen M, Haile J, Breuning-Madsen H, Kjaer KH,

et al. Meta-barcoding of 'dirt’ DNA from soil reflects vertebrate biodiversity.
Mol Ecol. 2012,21:1966-79.

Bohmann K, Evans A, Gilbert MT, Carvalho GR, Creer S, Knapp M, et al.
Environmental DNA for wildlife biology and biodiversity monitoring. Trends
Ecol Evol. 2014;29:358-67.

Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain E, Miaud C. Improved
detection of an alien invasive species through environmental DNA
barcoding: the example of the American bullfrog Lithobates catesbeianus. J
Appl Ecol. 2012;49:953-9.

Ficetola GF, Miaud C, Pompanon F, Taberlet P. Species detection using
environmental DNA from water samples. Biol Lett. 2008;4:423-5.

Pedersen MW, Overballe-Petersen S, Ermini L, Sarkissian CD, Haile J,
Hellstrom M, et al. Ancient and modern environmental DNA. Philos Trans R
Soc Lond B Biol Sci. 2015,;370:20130383.

Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E. Towards
next-generation biodiversity assessment using DNA metabarcoding. Mol
Ecol. 2012,21:2045-50.

Kent R, Juliusson L, Weissmann M, Evans S, Komar N. Seasonal blood-
feeding behavior of Culex tarsalis (Diptera: Culicidae) in Weld County,
Colorado, 2007. J Med Entomol. 2009;46:380-90.

Kent RJ, Norris DE. Identification of mammalian blood meals in mosquitoes
by a multiplexed polymerase chain reaction targeting cytochrome B. Am J
Trop Med Hyg. 2005;73:336-42.

Calvignac-Spencer S, Merkel K, Kutzner N, Kuhl H, Boesch C, Kappeler PM,
et al. Carrion fly-derived DNA as a tool for comprehensive and cost-effective
assessment of mammalian biodiversity. Mol Ecol. 2013;22:915-24.

Schubert G, Stockhausen M, Hoffmann C, Merkel K, Vigilant L, Leendertz FH,
et al. Targeted detection of mammalian species using carrion fly-derived
DNA. Mol Ecol Resour. 2015;15:285-94.

Lassen SB, Nielsen SA, Kristensen M. Identity and diversity of blood meal
hosts of biting midges (Diptera: Ceratopogonidae: Culicoides Latreille) in
Denmark. Parasit Vectors. 2012;5:143.

Gariepy TD, Lindsay R, Ogden N, Gregory TR. Identifying the last supper:
utility of the DNA barcode library for bloodmeal identification in ticks. Mol
Ecol Resour. 2012,12:646-52.

Schnell IB, Thomsen PF, Wilkinson N, Rasmussen M, Jensen LRD, Willerslev E,
et al. Screening mammal biodiversity using DNA from leeches. Curr Biol.
2012,22:R262-3.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 13 of 14

Calvignac-Spencer S, Leendertz FH, Gilbert MT, Schubert G. An invertebrate
stomach’s view on vertebrate ecology: certain invertebrates could be used
as "vertebrate samplers” and deliver DNA-based information on many
aspects of vertebrate ecology. Bioessays. 2013;35:1004-13.

Borda E, Oceguera-Figueroa A, Siddall ME. On the classification, evolution
and biogeography of terrestrial haemadipsoid leeches (Hirudinida:
Arhynchobdellida: Hirudiniformes). Mol Phylogenet Evol. 2008;46:142-54.
Borda E, Siddall ME. Arhynchobdellida (Annelida: Oligochaeta: Hirudinida):
phylogenetic relationships and evolution. Mol Phylogenet Evol.
2004;30:213-25.

Phillips AJ, Siddall ME. Poly-paraphyly of Hirudinidae: many lineages of
medicinal leeches. BMC Evol Biol. 2009;9:246.

Sawyer RT: Leech Biology and Behaviour: Feeding biology, ecology, and
systematics. Oxford, UK: Clarendon Press; 1986

Ceballos G, Ehrlich PR. Global mammal distributions, biodiversity hotspots,
and conservation. Proc Natl Acad Sci U S A. 2006;103:19374-9.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GA, Kent J. Biodiversity
hotspots for conservation priorities. Nature. 2000;403:853-8.

Schipper J, Chanson JS, Chiozza F, Cox NA, Hoffmann M, Katariya V, et al.
The status of the world's land and marine mammals: diversity, threat, and
knowledge. Science. 2008;322:225-30.

Kent RJ. Molecular methods for arthropod bloodmeal identification and
applications to ecological and vector-borne disease studies. Mol Ecol
Resour. 2009;9:4-18.

Nichols JD. Capture-Recapture Models: Using marked animals to study
population dynamics. BioScience. 1992;42:94-102.

Otis DL, Burnham KP, White GC, Anderson DR: Statistical Inference from
Capture Data on Closed Animal Populations. Wildlife Monographs
1978,62:3-135

MacKenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey LL, Hines JE (2006)
Occupancy estimation and modeling: inferring patterns and dynamics of
species occurrence. Academic Press, Waltham, MD, USA, pp. 324.
MacKenzie DI, Nichols JD, Lachman GB, Droege S, Andrew Royle J,
Langtimm CA. Estimating site occupancy rates when detection probabilities
are less than one. Ecology. 2002;83:2248-55.

Sollmann R, Mohamed A, Samejima H, Wilting A. Risky business or simple
solution — Relative abundance indices from camera-trapping. Biol Conserv.
2013;159:405-12.

Rocha R, Borda E, Andreone F, Rosa GM. First reports of leech parasitism in
Malagasy anurans. Comp Parasitol. 2012;79:352-6.

Lai YT, Nakano T, Chen JH. Three species of land leeches from Taiwan,
Haemadipsa rjukjuana comb. n,, a new record for Haemadipsa picta Moore,
and an updated description of Tritetrabdella taiwana (Oka). Zookeys.
2011;139:1-22.

Smythies BE. Leeches of Borneo. Sarawak Museum Journal New Series.
1960;9:279-94.

Fogden SCL, Proctor J. Notes on the feeding of land leeches (haemadipsa
zeylanica Moore and H. Picta Moore) in gunung mulu national park,
Sarawak. Biotropica. 1985;17:172-4.

Ficetola GF, Pansu J, Bonin A, Coissac E, Giguet-Covex C, De Barba M,
et al. Replication levels, false presences and the estimation of the
presence/absence from eDNA metabarcoding data. Mol Ecol Resour.
2015;15:543-56.

Vestheim H, Jarman SN. Blocking primers to enhance PCR amplification of
rare sequences in mixed samples - a case study on prey DNA in Antarctic
krill stomachs. Front Zool. 2008;5:12.

Francis CM, Borisenko AV, lvanova NV, Eger JL, Lim BK, Guillen-Servent A,
et al. The role of DNA barcodes in understanding and conservation of
mammal diversity in southeast Asia. PLoS One. 2010;5:12575.

DeSalle R, Giribet G, Wheeler W: Techniques in Molecular Systematics and
Evolution. Basel, Switzerland: Birkhduser Basel; 2002

Siddall ME, Desser SS. Alternative leech vectors for frog and turtle
trypanosomes. J Parasitol. 1992;78:562-3.

Royle JA, Link WA. Generalized site occupancy models allowing for false
positive and false negative errors. Ecology. 2006;87:835-41.

Mowat G, Strobeck C. Estimating Population Size of Grizzly Bears Using Hair
Capture, DNA Profiling, and Mark-Recapture Analysis. J Wildl Manag.
2000;64:183-93.

Woods JG, Paetkau D, Lewis D, McLellan BN, Proctor M, Strobeck C.
Genetic tagging of free-ranging black and brown bears. Wildl Soc Bull.
1999,27:616-27.



Schnell et al. Frontiers in Zoology (2015) 12:24

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Mundy NI, Winchell CS, Woodruff DS. Genetic differences between the
endangered San Clemente Island loggerhead shrike Lanius ludovicianus mearnsi
and two neighbouring subspecies demonstrated by mtDNA control region and
cytochrome b sequence variation. Mol Ecol. 1997,6:29-37.

Eggert LS, Eggert JA, Woodruff DS. Estimating population sizes for elusive
animals: the forest elephants of Kakum National Park, Ghana. Mol Ecol.
2003;12:1389-402.

Kohn MH, York EC, Kamradt DA, Haught G, Sauvajot RM, Wayne RK.
Estimating population size by genotyping faeces. Proc Biol Sci.
1999,266:657-63.

Mills LS, Citta JJ, Lair KP, Schwartz MK, Tallmon DA. Estimating animal
abundance using noninvasive DNA sampling: Promise and pitfalls. Ecol
Appl. 2000;10:283-94.

Taberlet P, Luikart G. Non-invasive genetic sampling and individual
identification. Biol J Linn Soc.

1999,68:41-55.

Ancrenaz M, Hearn AJ, Ross J, Sollmann R, Wilting A: Handbook for wildlife
monitoring using camera-traps. Sabah, Malaysia: BBEC Publications, Kota
Kinabalu; 2012

Sunarto S, Sollmann R, Mohamed A, Kelly MJ. Camera trapping for the study
and conservation of tropical carnivores. Raffles Bull Zool. 2013;28:21-42.
MacKenzie DI, Nichols JD, Hines JE, Knutson MG, Franklin AB. Estimating site
occupancy, colonization, and local extinction when a species is detected
imperfectly. Ecology. 2003;84:2200-7.

Dorazio RM, Royle JA. Estimating size and composition of biological
communities by modeling the occurrence of species. J Am Stat Assoc.
2005;100:389-98.

Dorazio RM, Royle JA, Soderstrom B, Glimskar A. Estimating species richness
and accumulation by modeling species occurrence and detectability.
Ecology. 2006;87:842-54.

Rota CT, Fletcher Jr RJ, Dorazio RM, Betts MG. Occupancy estimation and
the closure assumption. J Appl Ecol. 2009;46:1173-81.

Fitzpatrick MC, Preisser EL, Ellison AM, Elkinton JS. Observer bias and the
detection of low-density populations. Ecol Appl. 2009;19:1673-9.
McClintock BT, Bailey LL, Pollock KH, Simons TR. Experimental Investigation
of Observation Error in Anuran Call Surveys. J Wildl Manag. 2010;74:1882-93.
Miller DA, Nichols JD, McClintock BT, Grant EHC, Bailey LL, Weir LA.
Improving occupancy estimation when two types of observational error
occur: non-detection and species misidentification. Ecology. 2011,92:1422-8.
Miller DA, Weir LA, McClintock BT, Grant EH, Bailey LL, Simons TR.
Experimental investigation of false positive errors in auditory species
occurrence surveys. Ecol Appl. 2012,22:1665-74.

Efford M, Borchers D, Byrom A. Density Estimation by Spatially Explicit
Capture-Recapture: Likelihood-Based Methods. In: Thomson D, Cooch E,
Conroy M, editors. Modeling Demographic Processes In Marked
Populations. Volume 3. US: Springer; 2009. p. 255-69. Environmental and
Ecological Statistics.

Gardner B, Royle JA, Wegan MT. Hierarchical models for estimating density
from DNA mark-recapture studies. Ecology. 2009;90:1106-15.

Royle JA, Chandler RB, Sollmann R, Gardner B. Spatial capture-recapture.
Waltham: Academic; 2013.

Royle JA, Young KV. A hierarchical model for spatial capture-recapture data.
Ecology. 2008;89:2281-9.

Pollock KH. A capture-recapture design robust to unequal probability of
capture. J Wildl Manag. 1982;46:752-7.

Sollmann R, Gardner B, Belant JL. How does spatial study design influence
density estimates from spatial capture-recapture models? PLoS One.
2012;7:e34575.

Russell RE, Royle JA, Desimone R, Schwartz MK, Edwards VL, Pilgrim KP, et al.
Estimating abundance of mountain lions from unstructured spatial
sampling. J Wildl Manag. 2012;76:1551-61.

Link WA, Yoshizaki J, Bailey LL, Pollock KH. Uncovering a latent multinomial:
analysis of mark-recapture data with misidentification. Biometrics.
2010;66:178-85.

Lukacs PM, Burnham KP. Estimating population size from DNA-based closed
capture-recapture data incorporating genotyping error. J Wildl Manag.
2005,;69:396-403.

Stevick PT, Palsbgll PJ, Smith TD, Bravington MV, Hammond PS. Errors
in identification using natural markings: rates, sources, and effects on
capture-recapture estimates of abundance. Can J Fish Aquat Sci.
2001;58:1861-70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

Page 14 of 14

Lindenmayer DB, Gibbons P, Bourke MAX, Burgman M, Dickman CR, Ferrier
S, et al. Improving biodiversity monitoring. Austral Ecol. 2012;37:285-94.
Possingham HP, Wintle BA, Fuller RA, Joseph LN: The conservation return on
investment from ecological monitoring. In Biodiversity Monitoring in
Australia. Edited by Possingham HP, Gibbons P. Clayton, Victoria, Australia:
CSIRO Publishing; 2012: 49-58

So0s A. Identification key to the leech (Hirudinoidea) genera of the world,
with a catalogue of the species. 6. Family: Glossiphoniidae. Acta Zoologica
Hungarica. 1969;15:397-454.

Kaburaki T. Notes on some leeches in the collection of the Indian Museum.
Records of The Indian Museum. 1921;22:689-730.

Whitman CO. The leeches of Japan. Q J Microsc Sci. 1886;XXVI:317-416.
Kutschera U, Pfeiffer |, Ebermann E. The European land leech: biology and
DNA-based taxonomy of a rare species that is threatened by climate
warming. Naturwissenschaften. 2007,94:967-74.

Keegan HL, Toshioka S, Suzuki H. Blood sucking Asian leeches of families
hirudidae and haemadipsidae. U. S: Army Medical Command, Japan; 1968.
Siddall ME, Burreson EM. Phylogeny of the euhirudinea: independent
evolution of blood feeding by leeches? Can J Zool. 1995;73:1048-64.
Karanth KU, Nichols JD. Estimation of tiger densities in India using
photographic captures and recaptures. Ecology. 1998;79:2852-62.

Sollmann R, Furtado MM, Gardner B, Hofer H, Jdcomo ATA, Torres NM, et al.
Improving density estimates for elusive carnivores: Accounting for sex-
specific detection and movements using spatial capture-recapture models
for jaguars in central Brazil. Biol Conserv. 2011;144:1017-24.

Meier R, Shiyang K, Vaidya G, Ng PK. DNA barcoding and taxonomy in
Diptera: a tale of high intraspecific variability and low identification success.
Syst Biol. 2006;55:715-28.

Centers for Disease C, Prevention, Filler SJ, MacArthur JR, Parise M, Wirtz R,
Eliades MJ, et al. Locally acquired mosquito-transmitted malaria: a guide for
investigations in the United States. MMWR Recomm Rep. 2006;55:1-9.
Furman DP, Loomis EC: The Ticks of California (Acari:xodida). University of
California Press; 1984

Lyimo IN, Ferguson HM. Ecological and evolutionary determinants of host
species choice in mosquito vectors. Trends Parasitol. 2009;25:189-96.

Mans BJ, Neitz AW. Adaptation of ticks to a blood-feeding environment:
evolution from a functional perspective. Insect Biochem Mol Biol.
2004;34:1-17.

Norris KR. The bionomics of blow flies. Annu Rev Entomol. 1965;10:47-68.
Norval RA, Peter T, Meltzer MI, Sonenshine DE, Burridge MJ. Responses of
the ticks Amblyomma hebraeum and A. variegatum to known or potential
components of the aggregation-attachment pheromone. IV. Attachment
stimulation of nymphs. Exp Appl Acarol. 1992;16:247-53.

Pichon B, Egan D, Rogers M, Gray J. Detection and identification of
pathogens and host DNA in unfed host-seeking Ixodes ricinus L. (Acari:
Ixodidae). J Med Entomol. 2003;40:723-31.

Soremekun S, Maxwell C, Zuwakuu M, Chen C, Michael E, Curtis C.
Measuring the efficacy of insecticide treated bednets: the use of DNA
fingerprinting to increase the accuracy of personal protection estimates in
Tanzania. Trop Med Int Health. 2004,9:664-72.

Wells K, O'Hara R, Pfeiffer M, Lakim M, Petney T, Durden L. Inferring
host specificity and network formation through agent-based models:
tick-mammal interactions in Borneo. Oecologia. 2013;172:307-16.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Introduction
	Leech-introduced sampling biases
	Host-specificity and habitat preferences
	Temporal and spatial discrepancies between feeding and collection

	Biases associated with the generation and identification of sequence data
	Sequence-based data generation
	Sequence data analyses
	Individual identification

	From random leech collection to organized surveys
	Presence surveys
	Occupancy models
	Capture-recapture models

	General discussion
	Future research priorities - Leech taxonomy, ecology, physiology
	Considerations for study design
	Leeches and occupancy modelling
	Leeches and spatial capture-recapture modelling
	Extrapolation from leeches to other sources of iDNA


	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



