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Abstract. The Anthropocene is an era of marked human impact on the world. Quantifying
these impacts has become central to understanding the dynamics of coupled human-natural
systems, resource-dependent livelihoods, and biodiversity conservation. Ecologists are facing
growing pressure to quantify the size, distribution, and trajectory of wild populations in a
cost-effective and socially acceptable manner. Genetic tagging, combined with modern compu-
tational and genetic analyses, is an under-utilized tool to meet this demand, especially for
wide-ranging, elusive, sensitive, and low-density species. Genetic tagging studies are now
revealing unprecedented insight into the mechanisms that control the density, trajectory, con-
nectivity, and patterns of human–wildlife interaction for populations over vast spatial extents.
Here, we outline the application of, and ecological inferences from, new analytical techniques
applied to genetically tagged individuals, contrast this approach with conventional methods,
and describe how genetic tagging can be better applied to address outstanding questions in
ecology. We provide example analyses using a long-term genetic tagging dataset of grizzly bears
in the Canadian Rockies. The genetic tagging toolbox is a powerful and overlooked ensemble
that ecologists and conservation biologists can leverage to generate evidence and meet the chal-
lenges of the Anthropocene.

Key words: demography; genomics; habitat loss; minimally invasive; noninvasive; population change;
population ecology.

INTRODUCTION

The extent to which climate change and habitat loss
will impact the density and distribution of wild popula-
tions in the future is one of the greatest sources of scien-
tific uncertainty in modern ecology and conservation
(Dirzo et al. 2014, Lewis and Maslin 2015, Ibisch et al.
2016, Newbold et al. 2016, Krebs 2018). Resolving this
uncertainty requires a mechanistic approach to under-
stand the processes that limit the distribution and abun-
dance of organisms: ecology’s central question.
Equipped with a robust set of quantitative tools, investi-
gators are in a strong position to derive new insights
from environmental change to reveal the mechanisms
driving population change. Currently, four broad ques-
tions structure this line of inquiry: (1) Why and how
does population density change across space? (2) Why
and how does population size change through time? (3)

How and at what rate do organisms move between pop-
ulations and across space? (4) How can negative interac-
tions between people and wildlife be mitigated?
These questions form the basis of the heart of ecology

and unanswered questions at its frontier (Sutherland
et al. 2013). Further, questions 1–4 are not mutually
exclusive, with clear feedback pathways between ques-
tions, e.g., decreased connectivity that drives population
declines, or high animal density resulting in elevated
human–wildlife conflict. Investigators can answer each
question in isolation but uncovering the intricate, and
often synergistic mechanisms driving observed patterns
often requires answers to most or all of the questions.
Currently, many methods used to answer these questions
are expensive, invasive, or information-scarce (Fig. 1;
Hebblewhite andHaydon 2010, Burgar et al. 2018), limit-
ing sampling effort and the strength of inference. For
example, telemetry data can be used to monitor the rates
and causes of mortality or to identify connectivity corri-
dors but not to estimate population density unless a com-
plete census is performed (McLellan 1989). Similarly,
camera traps can, in some cases, be used to identify
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individuals and estimate density, but they provide limited
connectivity information (Royle et al. 2014) and are not
currently a robust tool for estimating demographic
parameters of unmarked animals (Chauvenet et al. 2017,
Burgar et al. 2018).
A more efficient and information-rich approach to

answering all four of the critical questions in ecology out-
lined above would adopt minimally invasive approaches
that are cost effective to initiate over vast areas. Such
methods would be further valuable if links could be iden-
tified between population density, trajectory, movement
of individuals, and interactions between people and wild-
life (Figs. 1, 2). Genetic tags, a unique sequence of DNA
loci used to identify individuals and their species, sex,
and lineage, combined with modern analytical methods
(e.g., spatial capture recapture [SCR]; Royle et al. 2017)
have emerged as one of the most promising approaches
to meet these demands, particularly for ecological process
distributed across large spatial extents and for large, elu-
sive, sensitive, unmarked, or low-density species (Taberlet
et al. 1999, Lukacs and Burnham 2005, Schwartz et al.
2007, Proctor et al. 2010; Fig. 3). Genetic tags derived

from spoors (e.g., scat, hair, feathers, saliva), which are
used to genotype individuals, produce a unique and
immutable identification tag for each organism. Informa-
tion from genetic tags can also include sex (Waits and
Paetkau 2005), and for some material, such as hair, addi-
tional molecular and hormone analyses can provide age
class (Carroll et al. 2018, Cattet et al. 2018), reproductive
status (Cattet et al. 2017), diet (Mowat et al. 2017a), and
stress level (Lafferty et al. 2015). These spoors can be col-
lected using minimally invasive methods (e.g., Piggott
and Taylor [2003] or Henry and Russello [2011], also ter-
med “noninvasive”), over vast areas, and by non-specia-
list participants like citizen scientists. For example, bears
rub their bodies on trees, likely to signal occupancy to
conspecifics (Lamb et al. 2017a). Researchers can iden-
tify these “rub trees” and collect residual hair follicles left
on the bark or on augmented hair collectors (e.g., barbed
wired). The hair follicles are then used to extract DNA to
identify individuals (Kendall et al. 2009). This approach
has been used across the range of brown bears (Ursus arc-
tos), including at least 4,795 trees in a single 31,410 km2

study area (Kendall et al. 2009). Citizen scientists are

FIG. 1. Subjective comparisons between methods for analyzing parameters of interest for population and conservation insight.
Width of bands represents ratings from 0 to 5, with 0 being not possible and 1–5 being increasingly suited. We rated each method
on its ability to produce ecological insight into a variety of metrics and finally whether the method was minimally invasive. Defini-
tions: Camera [No ID], camera trap with unmarked individuals; Camera [ID], camera trap with identifiable individuals; Min.Inva-
sive, minimally invasive sampling; A. Connectivity, apparent connectivity; R. Connectivity, realized connectivity).
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now collecting hair from a network of bear rub trees in
North America’s Rocky Mountains (Morehouse and
Boyce 2016, Lamb et al. 2017a), stimulating public inter-
est in wildlife conservation, while offering a powerful
approach to democratize science in a widespread manner
(Schuttler et al. 2018).

To counter the defaunation that characterizes the
Anthropocene, scientists need to gather evidence that
can inform the impact of policy decisions on the density
and distribution of organisms. Robust ecological infer-
ence can be generated by a number of approaches, such
as telemetry (Metz et al. 2018), experimentation (Krebs
et al. 1995, Ford et al. 2014), and field-based census
(Boutin et al. 2006); here, we show that genetic tagging
provides additive and complementary ecological insight
to these established methods. Genetic tagging provides a
diverse toolkit to gather evidence that spans from allelic
variation to population density, growth, and community
composition; making this an ideal approach to address
applied and theoretical ecological issues at previously
unattainable spatial extents.
Our review focuses on the estimation of population

parameters and processes based on the identification of
individuals via unique genetic tags. The review first
explores the application of genetic tags to (1) assess pop-
ulation density, fitness, and their habitat correlates; (2)
calculate population growth rates and its determinants:
survival, recruitment, immigration and emigration; (3)
assess many aspects of population connectivity: (a) con-
temporary and historic connectivity and (b) realized (in-
ter-population gene sharing) and apparent (inter-
population movement) connectivity; and, (4) infer
causes of, and solutions to, human–wildlife interactions
using forensic genetics. A case study is then provided,
using a long-term genetic tagging dataset of grizzly bears
in the Canadian Rockies, to showcase possible ecological
insights from these approaches, complete with repro-
ducible code (see Data Availability). The rapid advance-
ment in laboratory techniques, computing power, and
statistics has made genetic tagging of wild populations
more affordable and manageable, and facilitated critical
ecological and conservation inference for wide-ranging,
elusive, sensitive, and low-density species in the Anthro-
pocene from samples that may be as limited as a clump
of hairs (Fig. 2).

FIG. 2. Visual schematic of the four main uses of genetic
tags for population ecology and conservation insight. (1) Spatial
variation in animal density can be determined by using a single
genetic tagging survey and spatial capture–recapture to parame-
terize structural relationships between animal density and
potential limiting ecological factors. Fitness landscapes can be
estimated from genetic tagging surveys by reconstructing family
triads and identifying individual offspring contributions and
the ecological area the individual occupies. (2) Conducting mul-
tiple genetic tagging surveys allows investigation of population
growth rates and individual demographic parameters (survival,
recruitment, immigration, and emigration). (3) Population con-
nectivity can be assessed with direct genetic methods or through
the creation of movement resistance surfaces using individual
capture histories. (4) Insight into human–wildlife interactions
can be gleaned from genetic tags, e.g., forensically identifying
poached individuals, using DNA to identify culprits in cases of
livestock depredation, and testing hypotheses surrounding the
causes of human–wildlife conflict and how to manage it.
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Why and how does population density change across the
landscape?

Explaining and predicting the abundance of animals is
a central goal of ecology, and it underlies species conser-
vation and wildlife management (Messier 1991, Krebs
et al. 1995). Habitat loss is the primary driver of popula-
tion decline for most species (Dirzo et al. 2014). As
such, understanding density–habitat relationships is of
critical importance to predicting ecological outcomes
and informing conservation actions (Hodgson et al.
2009). The recent integration of spatial capture–recap-
ture (SCR) methods, genetic tagging, and spatialization
of predictor variables, revolutionized through remote
sensing and advanced geographic information systems
(Kwok 2018), allows ecologists to quantify density–habi-
tat relationships with unprecedented statistical rigor over
large spatial extents.
Capture–recapture methods were developed in the late

1800s and required that individuals be physically cap-
tured and marked with unique identifiers, such as ear
tags (Petersen 1896). This invasive approach carries a
relatively high cost of data collection and logistical hur-
dles to ensure that animal welfare needs are met, thus
limiting sampling efforts. In addition, until recently,
most abundance analyses of tagging data required an

assumption of population closure (Boulanger and
McLellan 2001), which occurs when individuals do not
leave or enter the sampled area. The closure assumption
is often unrealistic in practice and can cause consider-
able biases in demographic estimates (Boulanger and
McLellan 2001) that are difficult to correct. SCR meth-
ods overcome the closure assumption by explicitly
accommodating spatial variation in detection probabil-
ity as a result of the juxtaposition of individual home
ranges with an array of traps, to produce unbiased esti-
mates of population density (Borchers and Efford 2008,
Royle et al. 2014).
A key component of SCR is information on the timing

and location of capture events for each individual in the
study, which are easily generated in genetic tagging stud-
ies. The advent of Polymerase Chain Reaction (PCR)
methods in 1983 (Saiki et al. 2014) allowed ecologists to
identify individuals using minimally invasive genetic
tags. At the turn of the 21st century, genetic capture–re-
capture was used, for the first time, to estimate the abun-
dance of two wild populations, humpback whales
(Palsbøll et al. 1997) and brown bears (Woods et al.
1999), and its use has grown rapidly since (Fig. 3).
In spite of the widespread use of genetic tagging in

SCR studies (Fig. 3), a limited number of investigators
have extended SCR methods beyond estimating

FIG. 3. Selected species and locations for which genetic tagging for demographic insights into population density, growth rates,
direct measures of connectivity, or human–wildlife conflict has been successfully applied. Projects using genetic tagging for these
demographic insights have been conducted on every continent, except Antarctica, and have sampled a variety of taxa, using many
different sources of DNA, but are biased toward mid-large sized mobile mammals. References to each study are provided on Fig-
share (see Data Availability).
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population density to explore density–habitat relation-
ships (but see: Fuller et al. 2015, Linden et al. 2016,
Boulanger et al. 2018, Lamb et al. 2018, Sutherland
et al. 2018). Recently, Sutherland et al. (2018) examined
the link between contamination (PCB) and the popula-
tion density of American mink (Neovison vison) using
genetic-based SCR. Mink, often used as an indicator
species for aquatic ecosystems, were found in much
lower densities near a contaminated river system com-
pared to those near a more pristine river; underscoring
the value of pairing SCR methods with genetic tags to
collect individual identities across multiple river systems
to reveal cryptic ecological patterns. Similarly, Lamb
et al. (2018) tested the effects of habitat and road density
on the recovery of a threatened grizzly bear population
using genetic tags. While grizzly bear density was lower
in areas of high road densities, Lamb et al. (2018)
showed that the creation of protected areas and road
closures elevated bear density and mitigated the effects
of roads, allowing the population to recover. Results of
this work have already been incorporated into regional
planning efforts to reduce road densities (Mowat et al.
2017b, Proctor et al. 2018c), highlighting the value of
density–habitat links when immediate conservation
action is required. Finally, Stetz et al. (2018) extend the
density–habitat relationship to explore the effects of
interspecific competition on population density, thus
adding a community ecology dimension.
The integration of genetic tagging methods with the

field of landscape ecology has provided an opportunity
for investigators to link individual fitness, the currency
of natural selection (Darwin 1859, Pelletier et al. 2007),
to the habitat individuals use; a key component missing
in current habitat selection studies (Gaillard et al. 2010).
Habitat selection studies derived from telemetry can pro-
vide insights on which landscape features are used, rela-
tive to their availability, but not how those features
contribute to variation in reproductive success. For
example, where genetic tags are intensively collected over
large areas, or in small populations, reconstructing fam-
ily triads (perfect complementary allele sharing between
parents and offspring) allows for the explicit identifica-
tion of individual offspring contributions, which can be
matched to the ecological conditions experienced by the
parents (Fig. 2). Maps of fitness landscapes can be pro-
duced when such models are extrapolated with spatially
continuous variables, such as those derived from remote
sensing (Kwok 2018). Such fitness surfaces represent a
link between landscape, population, and evolutionary
ecology, and represent a new frontier given that we were
unable to find any published examples. Constructing
family pedigrees is most practical in small, fragmented,
or isolated populations (Proctor et al. 2018b), but that is
where it can be very useful in understanding fitness cor-
relates and monitoring the efficacy of connectivity man-
agement (Pemberton 2008, Ford et al. 2011, Proctor
et al. 2018a). Further, Chandler et al. (2018) provide an
innovative and complementary SCR approach to link

survival and recruitment rates with landscape attributes
and extrapolate results across space. Chandler et al.
(2018) marked individuals with physical tags, but we
highlight this important work here because it is the first
analysis of its kind, that we are aware of, and could
easily be applied to genetically tagged individuals. Quan-
tifying relationships between density, fitness, and habitat
is one of the most significant developments in modern
applied ecology and conservation, with genetic tagging
playing a leading role in this scientific advance. Finally,
we urge investigators to, whenever possible, conduct
manipulative or natural experiments, paired with genetic
tags and SCR, to provide strong inference (Ford and
Goheen 2015) into the factors driving spatial variation
in population density.

Why and how does population size change over time?

Krebs et al. (1995) and Krebs (2002, 2018) suggest
that identifying the determinants of population change
(hereafter k), will have profound implications for effec-
tive conservation action. Conventional measures of k
(i.e., projected k, Franklin 2001) can be estimated from
recruitment (e.g., young:adult ratio) and survival (e.g.,
proportion of marked animals that are alive per year)
data, which are commonly collected by wildlife manage-
ment agencies via telemetry studies (Schwartz et al.
2006). Estimates of projected k uncover whether the
individuals in the population were able to replace them-
selves (Franklin 2001). While the data used to estimate
projected k are commonly available, this approach
assumes a stable age distribution and equal immigration
and emigration rates, given that only survival and
recruitment are considered, assumptions that are rarely
satisfied under variable conditions. Violation of any one
of these assumptions can result in biased estimates of
projected k, casting doubt on its reliability (Koons et al.
2005). In contrast, realized k makes no such assump-
tions and represents the observed change in population
size over time. Estimates of realized k help answer
whether the individuals in the population are being
replaced (through either surviving longer, emigrating
less, or immigrating and reproducing more), a subtle,
but important difference from projected k making real-
ized lambda a more accurate and reliable estimate of
population change (Franklin 2001). Genetic tagging is
well suited to produce measures of realized k through
successive density estimates or by tracking the net gain
and loss of individuals in a population through time
with demographically open models (Royle et al. 2014,
Efford 2018). The latter being the preferred and more
robust approach (Nichols and Hines 2002).
Demographically open models can be used to estimate

parameters for survival, recruitment, immigration, and
emigration: the fundamental parameters driving changes
in k (Cooch and White 2006, Royle et al. 2014). Com-
bined, these parameters provide an explicit estimate of
realized k that is often more robust than realized k
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derived from comparing point estimates of density, espe-
cially for low-density populations and threatened species
(Sibly and Hone 2002). Further, linking the demographic
components of k to habitat features presents a powerful
opportunity to explore the influence of habitat on popu-
lation dynamics (Chandler et al. 2018).
Some of the most rigorous examples of using genetic

tags to link demographic parameters to the environment
is through a series of studies conducted on black bears
(McCall et al. 2013), grizzly bears (Sawaya et al. 2012,
Whittington and Sawaya 2015, Lamb et al. 2017b), and
wolverines (Brøseth et al. 2010, Efford and Boulanger
2018). For example, Brøseth et al. (2010) examined
wolverine survival using genetically tagged individuals
sourced from scat collection covering 65,000 km2 across
Norway. Key insights from this work include detection
of negative density dependence in adult survival (a rarely
observed demographic pattern), as well as additive mor-
tality due to high harvest rates. Illuminating detailed
demographic processes in a low-density, elusive carni-
vore, highlights the power of genetic tagging for ecologi-
cal insight and information for conservation action.
Similarly, a decade of monitoring wolverines in northern
Canada revealed population declines exceeding 40%, a
trend that would have been undetectable without the use
of genetic tags and SCR (Efford and Boulanger 2018).
Immigration and emigration are fundamental aspects

of k and play key roles in meta-population dynamics, yet
are notoriously hard to measure in wild populations,
providing one reason why these processes are currently
understudied in ecology (Kokko and L!opez-Sepulcre
2006). Tracking k with genetic tags provides an opportu-
nity to estimate immigration and emigration rates
explicitly using demographically open SCR (for example
with R package, OpenPopSCR) or spatially explicit inte-
grated population models, both of which are active areas
of development (Ergon and Gardner 2014, Royle et al.
2014, Schaub and Royle 2014, Chandler et al. 2018). To
ensure unbiased demographic estimates, the study area
must be larger than the dispersal distance of the study
animal, such that dispersal can be modelled (Ergon and
Gardner 2014).

How and at what rate do organisms move between
populations and across space?

Connectivity, the degree to which the landscape facili-
tates or impedes the movement of organisms (Taylor
et al. 1993), is a vital component of spatial and temporal
population dynamics. The global road network provides
an example of the human impacts on wildlife connectiv-
ity. The terrestrial world is currently divided by roads
and human settlement into ~600,000 fragments, most of
which are very small (<1 km2; Ibisch et al. 2016), and
roads can greatly reduce connectivity for many taxa
(Holderegger and Di Giulio 2010, Bischof et al. 2017).
Researchers are seeking rapid and cost-effective
approaches to quantify factors influencing animal

movement and to identify ways to mitigate the negative
effects of roads and other disturbances. Genetic tagging
provides crucial information to support the estimation
of apparent and realized connectivity (Proctor et al.
2012, 2015, Sawaya et al. 2014).
There are three general ways to assess connectivity

between populations using genetic tags: capture–recap-
ture methods (Lamb et al. 2017b, Cayuela et al. 2018),
direct genetic methods (Paetkau et al. 2004, Proctor
et al. 2005), and indirect genetic methods (Schwartz
et al. 2007, Robson et al. 2015). Each of these methods
produces a unique temporal signature of connectivity
(contemporary vs historic) and inference on the type of
connectivity detected (apparent [demographic/physically
connected] vs realized [genetically connected]). Here, we
explore the utility and potential pitfalls of each
approach.
Capture–recapture methods, like telemetry, provide a

direct assessment of where and how animals are moving
on the landscape. Connectivity between populations can
be determined through the recapture of individuals
between populations (Lamb et al. 2017b), or through
the use of SCR methods to create models of connectivity
based on landscape features and recapture distances
(Royle et al. 2014). Such approaches provide a contem-
porary look at apparent connectivity, i.e., they show
who is moving where during the time of sampling and
the degree to which populations are demographically
connected, but do not reveal if that connectivity results
in gene flow (realized connectivity). Although capture–
recapture data do not provide the same resolution of
movements as telemetry, the large sample size provided
by pairing minimally invasive genetic tagging with cap-
ture–recapture methods has provided many intriguing
insights into the connectivity of wild populations. For
example, Fuller et al. (2015) extended their SCR den-
sity–habitat model to estimate limits to mink connectiv-
ity, uncovering strong connectivity among stream
networks and the negative impacts of human develop-
ment. Similarly, Bischof et al. (2017) show that brown
bears place home range centers in largely unroaded land-
scapes and resist using habitat that involves crossing a
road. Bischof’s results are especially striking due to
increasing global road densities and the fragmentation
of wilderness (Ibisch et al. 2016, Potapov et al. 2017).
Measures of apparent connectivity using capture–recap-
ture methods provide investigators with insight into the
interaction between landscape features, animal move-
ments, and the potential for barriers to movement affect-
ing population demography and genetics. Moreover,
SCR methods permit the simultaneous integration of
both density and connectivity into a single empirical
inferential framework (Morin et al. 2017).
Direct genetic methods estimate connectivity through

the detection and movement of individuals between
genetically distinct populations. Direct estimates of con-
nectivity measure the movement of individuals over con-
temporary time periods and can provide insight into
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both apparent and realized connectivity. Compared to
capture–recapture methods, direct genetic methods gen-
erally require less effort to identify dispersers in the pop-
ulation (McLellan and Hovey 2001, Cayuela et al.
2018). Direct genetic methods leverage information on
parentage and capture location to reveal dispersal using
only a single sampling event, thus alleviating the need to
catch individuals before and after they disperse (Fig. 2;
Proctor et al. 2004, Cayuela et al. 2018). Dispersing
individuals have been identified using genetic tags in a
number of species including Capercaillies (Segelbacher
et al. 2003), roe deer (Coulon et al. 2004), wolverines
(Cegelski et al. 2006), American black bears (Dixon
et al. 2007, Sawaya et al. 2014), grizzly bears (Proctor
et al. 2012, Sawaya et al. 2014), and rats (Paetkau et al.
2009). Dispersers can only be identified from popula-
tions with divergent genetic signatures, thus well con-
nected populations with many dispersers will be poor
candidates for direct genetic methods to estimate con-
nectivity (Proctor et al. 2005). The use of family triads
(or limited pedigrees) is an emerging direct genetic
method that overcomes the inability to detect dispersers
in well-mixed populations and allows the identification
of both apparent and realized connectivity (Cosgrove
et al. 2017, Cayuela et al. 2018; see Proctor et al. 2018a
for an example). The use of family triads in connectivity
studies will ultimately provide insight into the assumed
link between apparent and realized connectivity
(Cayuela et al. 2018), and perhaps more importantly,
the efficacy of mitigation efforts (Sawaya et al. 2014),
like sex-specific wildlife crossing structures across high-
ways (Ford et al. 2017).
Direct genetic methods have allowed investigators to

investigate sex-specific fragmentation, otherwise unde-
tected with indirect methods (Proctor et al. 2005, 2012),
and helped redefine how the IUCN assessed the conser-
vation status of brown bear populations worldwide
(Mclellan et al. 2016). In a few cases, direct methods
have been applied to uncover continental-scale connec-
tivity issues (Segelbacher et al. 2003, Proctor et al.
2012). In light of the burgeoning pulse of large landscape
connectivity initiatives across the world (Pulsford et al.
2015, Travis Belote et al. 2016), direct genetic methods
that link habitat loss with realized connectivity are an
important opportunity for improved connectivity
research (Cosgrove et al. 2017).
Indirect genetic methods use the distribution of alleles

between populations as a signal to infer connectivity
(Manel and Holderegger 2013). These methods measure
the exchange of genes between populations over many
generations and have provided crucial insights into the
historical connectivity between populations. Indirect
genetic methods have guided conservation efforts for
endangered species and the ex situ preservation of
genetic diversity (Russello and Amato 2004, Henry et al.
2009). However, ecological insight can be limited when
using indirect methods for at least three reasons: (1)
these methods assume that populations are in

equilibrium between mutation rates, natural selection,
genetic drift, and the natural migration rate (Hartl and
Clark 1997): conditions that are rarely met in Anthro-
pocene landscapes (Whitlock and McCauley 1999); (2)
the genetic signatures detectable by such methods often
require hundreds of generations to build up, potentially
masking key and immediate variation caused by recent
landscape change affecting individual movements
(Tucker et al. 2018); and (3) these methods alone pro-
vide little information on demographic connectivity,
despite results from such methods often being miscon-
ceived as providing such insights (Lowe and Allendorf
2010). Consequently, both Lowe and Allendorf (2010)
and Cayuela et al. (2018) recommend that investigators
interested in population connectivity combine the infer-
ences from indirect genetic methods with the direct mea-
sures of demographic connectivity discussed above to
disentangle the effects of dispersal, gene flow and barri-
ers to connectivity on wild populations, a task that
genetic tags are well suited to address.

How can negative interactions between people and wildlife
be mitigated?

Conflict between humans and wildlife is a global issue
occurring across many taxa (Dirzo et al. 2015, Ripple
et al. 2016), especially carnivores (Can et al. 2014, Rip-
ple et al. 2014). Localized human–wildlife conflict can
have far-reaching, population-level effects (Lamb et al.
2017b). However, evidence-based conflict reduction can
improve the conservation status of large carnivores. For
example, Proctor et al. (2018b) used evidence derived
from genetic tags and a comprehensive conflict reduc-
tion program to increase the inter-population connectiv-
ity of an isolated grizzly bear population in a region
where conflicts were the main cause of threatened status.
Reduced mortality, and increased connectivity, was
accompanied by an increase in the grizzly bear popula-
tion, reversing a decade-long decline.
Many policies that reduce conflict (e.g., culls, translo-

cations, and physical barriers) are applied broadly and
sometimes to non-target individuals. Non-selective
removal of individuals from conflict-prone species may
apply unfavorable selective pressure on individuals that
are able to coexist in human-dominated landscapes.
Consequently, correctly identifying both conflict individ-
uals and familial patterns can be an effective tool to
facilitate coexistence (Caniglia et al. 2013, Morehouse
et al. 2016). Genetic tagging is ideally suited to provide
this knowledge. Identifying both the who and why of
human–wildlife conflict are central to effective mitiga-
tion. As part of a large genetic capture–recapture project
for brown bears, Morehouse et al. (2016) collected hair
samples from human–wildlife conflict sites, typically
areas where bears were accessing anthropogenic food
sources. Through parentage analysis, they found conflict
prone animals follow matrilineal lines because mothers
teach their young how and where to forage. Similar
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results have also been observed in black bears (Hopkins
2013). The implications of these results are striking given
that current policy protects females with cubs, a policy
that may unintentionally exacerbate the problem. The
research suggests that coexistence efforts shift to pre-
venting initial conflicts and to removing individuals once
a conflict occurs to prevent intergenerational transmis-
sion of conflict-prone behavior.
Similarly, genetic tags have been used to confirm the

identity of conflict tigers in India (Singh et al. 2015).
When a conflict arises (e.g., an attack on people or prop-
erty), managers seek to find and remove the problem
animal. Having a positive identification of the offending
animal at the conflict scene forms a critical part of
resource allocation for prevention, but efficacy of this
method is dependent on rapid genotyping. Nevertheless,
genetic tags can provide confirmation when a conflict
animal has been removed, potentially reducing the
chances that non-conflict individuals will be killed and
increasing public safety.
Carnivores depredating livestock is a financially costly

and socially charged issue (Treves et al. 2016). Contro-
versy surrounds which carnivores are responsible and
whether livestock are predated by carnivores or simply
observed consuming an animal that died for other rea-
sons (Caniglia et al. 2013). Using genetic tags extracted
from carnivore saliva on livestock carcasses, Caniglia
et al. (2013) were able to identify the species, sex, and
individuals responsible for predating livestock (Caniglia
et al. 2013). They were also able to identify a female wolf
who had been involved in depredation four years earlier,
suggesting that studies of this nature could piece
together the spatiotemporal patterns of individual-level
depredation events and better guide compensation and
mitigation efforts (Caniglia et al. 2013).
Genetic tags have been used to prevent and convict

poachers. Harper et al. (2018) document nine recent
cases (since 2012) where genetic tags formed the founda-
tion of evidence to prosecute poachers targeting black
andwhite rhinoceros (Diceros bicornis andCeratotherium
simum). Genetic tags were used to link confiscated horns
with carcasses, leading to a cumulative 113 yr of jail time
across these cases. Such cases of successful prosecution
are essential and urgently needed to reduce poaching in
the Critically Endangered black rhinoceros population,
which has declined from several hundred thousand to
only 2,400 over the last two centuries. Similarly, African
elephants (Loxodonta africana) have declined by 30%
across the African continent in the last decade due to
poaching, human–wildlife conflict, and habitat loss
(Chase et al. 2016). Forensic genetic tags have been used
extensively to incriminate ivory poachers, uncover
transnational crime rings, and dissuade future events
(Archie and Chiyo 2012, Wasser et al. 2018). Further, the
most common human–wildlife conflict for elephants is
crop raiding and genetic tags have been used to identify
individual African elephants involved in crop-raiding,
thus refining efforts to understand and mitigate conflict

(Archie and Chiyo 2012). The extent to which genetic tag-
ging can help promote coexistence with wildlife will
depend on the rapid synthesis of genetic information with
wildlife management and applied conservation efforts.

Limitations of genetic tagging and opportunities afforded
by genomics

Two main challenges exist in genetic tagging free-ran-
ging animals: (1) low quality and quantity of DNA avail-
able from minimally invasive sampling (MIS) approaches
and (2) genotyping enough molecular markers to pro-
vide sufficient resolution for pedigree reconstruction.
Fortunately, the rapid growth in the fields of genetics
and genomics is helping to overcome some of these
challenges (as predicted by Taberlet et al. 1999), which
we briefly review here.
MIS of genetic material, often scat or hair, is more likely

to degrade or become contaminated by sampling proce-
dures (Russello et al. 2015, Carroll et al. 2018). For exam-
ple, hair follicles exposed to ultraviolet light and moisture
may result in DNA broken into 100–500 base pair frag-
ments; limiting the number and length of molecular mark-
ers that can be generated (Andrews et al. 2018).
Conversely, more invasive sampling methods (i.e., taking a
blood sample from a captured animal) enable greater con-
trol over the collection and preservation of DNA. Devel-
oping new means to counteract the drawbacks of MIS
approaches can help address research costs and enhance
the welfare of study animals (e.g., Stetz et al. 2015, Lamb
et al. 2016). Investigators should remain aware of the
increased genotyping errors possible from MIS and follow
the well-established protocols that detect and minimize
these errors (Paetkau 2003, Waits and Paetkau 2005).
The majority of studies reviewed here have relied on

microsatellite loci to identify individuals and reconstruct
family dyads and pedigrees. Due to the cost and time
required to develop species and population-specific
parameters from microsatellite loci, this approach pro-
vides a limited number of genetic markers to create accu-
rate pedigrees, reconstruct population-level parameter
estimates, and infer connectivity and gene flow (reviewed
here; Andrews et al. 2018, Carroll et al. 2018). However,
Russello et al. (2015) and others (Andrews et al. 2018,
Carroll et al. 2018, Ekblom et al. 2018) provide new
approaches to assess genome-wide data in wild popula-
tions using MIS approaches. Genomic approaches pro-
vide orders of magnitude more molecular markers than
microsatellite approaches. As a result, the genomic era is
poised to overcome many of the challenges previously
facedwith fewmarkers.

AN APPLICATION OF GENETIC TAGS TO GRIZZLY BEAR

ECOLOGY AND CONSERVATION IN THE CANADIAN ROCKY

MOUNTAINS

Grizzly bears are elusive, wide-ranging animals with a
high conservation profile. The grizzly bear was the first
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terrestrial species for which abundance was estimated
using genetic tags (Woods et al. 1999); and is a fitting
species to illustrate the insights now possible with these
types of data following 20 yr of methodological develop-
ment. Here, we investigate factors driving population
density, trajectory, connectivity, and human-wildlife
interactions using the South Rockies Grizzly Bear Pro-
ject data collected in the Rocky Mountains of southeast-
ern British Columbia, Canada. Generally, this project
uses systematic hair collection methods to genetically
tag grizzly bears across an ~12,000 km2 area. To date,
the project has tracked 641 individual grizzly bears
detected, via microsatellite genotyping, 3,650 times
(unique individual-site-occasion), during 64 sampling
occasions between 2006 and 2017 (Fig. 4). Further
details on this project are provided in Lamb et al. (2016,
2017b). We illustrate the application and scope of possi-
ble insights from these approaches (R scripts in appen-
dix) and point the reader to work where more complex
analyses have been conducted on these data.

Spatial variation in animal density

We estimate the density, abundance, and limiting fac-
tors to grizzly bear population density using the 2014
genetic tagging data (Fig. 4), composed of 145 individu-
als detected 295 times over five occasions. We fit SCR
models to these data using the secr package (Efford
2016) in program R, following the approach of Lamb
et al. (2018) to correlate spatial covariates with popula-
tion density. Generally, these models use the spatial
recaptures of animals to estimate a spatial detection
function, and animal density as a Poisson point process.

These models are flexible: they are able to account for
variation in detections across space and time, exclude
non-habitat in density estimation, and include habitat
variables as predictors of density.
Results suggest that there were 205 (95% CI, 165–254)

grizzly bears occupying our larger region of study in
2014, or a density of 17.6 (95% CI, 14.2–21.8) individu-
als per 1,000 km2. Adding in spatial predictors of den-
sity increased model fit over the null model
(DAICc = 10.1) and suggested that the density of roads
(gravel resource roads, paved highway, and urban roads)
had a strong negative effect on grizzly bear density
(Fig. 5). Although road effects on grizzly bear habitat
use and survival have been well documented (McLellan
and Shackleton 1988, Boulanger and Stenhouse 2014),
linking the effects to reduced population density has
been elusive, until genetic tagging and SCR methods
were combined (Lamb et al. 2018); providing a simple
path to parameterizing such relationships.

Population growth, demographic parameters

We estimated population growth and survival of the
southern Rockies grizzly bear population by harnessing
12 years of genetic tagging and recently developed likeli-
hood-based spatial open-population capture–recapture
models (Efford 2018). We focus our analysis on the
northern half of our study area where the highest mortal-
ity rates have resulted in population declines (Lamb
et al. 2017b); we explore population growth and survival
across two time periods (early: 2006–2012, and late:
2013–2017). Open-population capture–recapture models
track individual animals through time to estimate the

FIG. 4. Annual sampling distribution of South Rockies Grizzly Project between 2006 and 2017. In 2014, we decided to reduce
the extent of the study area to focus on the portion of the study area with the highest conservation risks, and subsequently increased
sampling intensity.
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entrance (reproduction) and exit (mortality) parameters,
while accounting for confounding effects of dispersal
(immigration and emigration) and heterogeneous detec-
tions through the use of spatial detection data. We fit
open-population SCR models to these data using the
openCR package (Efford 2018) in program R.
Consistent with previous, non-spatial analyses of these

data (Lamb et al. 2017b), this population experienced
a decline of ~3% per year between 2006 and 2012
(k = 0.97 [95% CI, 0.94–1.00], Fig. 6) and increased at
2% per year between 2013 and 2017 (k = 1.02 [95% CI,
0.98–1.06]). Survival was estimated at 0.85 (95% CI,
0.82–0.87) between 2006 and 2012, and 0.87 (95% CI, 0.83–
0.90) between 2013 and 2017. If increasing this popula-
tion to 2006 levels is a priority, we provide the evidence
required for wildlife managers to implement the reduc-
tion of resource road densities and thus human access
and bear mortality (Lamb et al. 2018, Proctor et al.
2018c). Other options include reducing bear conflicts in
town through the removal of attractants (roadkill
carcass pits, fruit trees, etc.) as well reducing collisions
with vehicles and trains, both of which are long-term,
additive stressors on the population. Taking these steps
proactively should dampen the intensity of future popu-
lation declines.

Population connectivity

To examine the potential for a fracture to population
connectivity across a highway corridor, we replicated the
analysis of Proctor et al. (2005), but with additional ani-
mals detected since that time (2006–2016). We estimated
genetic clustering for two groups of bears, one separated
by a wide, natural valley (Fig. 7, east and west), and
another separated by a wide valley with human settle-
ment including towns, a highway, and railway, where
mortality is high and geneflow may be impeded (Proctor
et al. 2012, Lamb et al. 2017b). We genotyped nine loci
to identify individuals in our project, but often included
more loci if identities were uncertain or we were inter-
ested in population connectivity. For this analysis we
included genotypes with at least 15 loci, leaving us with
295 individuals.
A two-step process was used to access connectivity.

First we used the program GENETIX (Belkhir 1999) to
identify clusters of similar genotypes with no a priori
assumptions of group membership following the
approach by Proctor et al. (2012). If connectivity was
hindered, we expected some degree of divergence in the
clusters on each side of the valley. Second, if a fracture
to connectivity was detected we looked for individuals

FIG. 5. Relationship between grizzly bear population density and road density during spring–fall 2014 in the southern British
Columbia Rockies predicted from top secr model.

Article e01876; page 10 CLAYTON T. LAMB ET AL.
Ecological Applications

Vol. 29, No. 4



FIG. 6. Estimated population growth rate, survival, and population trajectory for grizzly bears in the southern British Columbia
Rockies between 2006 and 2017 predicted from top openCR model. Early period refers to 2006–2012 and late to 2013–2017. Annual
density estimates generated using period-specific growth rates and the 2014 density estimate from the secr analysis.

FIG. 7. Connectivity analysis and identification of dispersers in fractured areas across a human-dominated (north–south) and
wilderness valley (east–west). Highway 3 shown in red and towns in the fracture zone shown as gray circles.
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that may have dispersed into the population using Gene-
Class (Piry et al. 2004) to assess recent patterns in inter-
area movement and to explore any differences in move-
ments between the sexes. GeneClass uses assignment
tests (Paetkau et al. 2004) to calculate the probability of
each individual’s assignment to a particular area, allow-
ing for the identification of dispersers.
Results suggested connectivity and geneflow were

maintained across the wilderness valley but not across
the human-settled valley. Dispersers were indistinguish-
able from residents in the wilderness valley because this
group was well connected, and the genetic clusters from
each side of the valley completely overlapped. In con-
trast, across the human-settled valley, we found that the
only animals that had successfully dispersed across the
valley were four male bears, giving rise to genetic separa-
tion between individuals separated by development in
the valley floor. This result reinforces the need to miti-
gate the connectivity fracture in this valley to re-estab-
lish genetic and demographic connectivity.
Analyses similar to the example provided here have

been integral for enacting conservation measures. For

example, following the identification of barriers to con-
nectivity (Proctor et al. 2012) approximately 13,000 ha
of conservation land have been protected in British
Columbia through direct purchase or conservation ease-
ments valued at >US$32 million.

Human–wildlife interactions

We applied our genetic tagging data to inform a con-
servation issue faced by wildlife managers in our region.
A farm has been suspected of attracting grizzly bears
due to the presence of unsecured animal carcasses. Con-
cerned residents began collecting bear hair samples off
the barbed wire fences that border this farm. We geno-
typed these samples, enumerated the number of unique
animals detected, and explored the spatial extent of their
movements across the landscape. Similar analyses have
been completed using parent–offspring relationships to
investigate family patterns in conflict (Morehouse et al.
2016).
After only 1.5 yr of citizen-scientists collecting hair,

we were able to detect five animals accessing the farm, a

FIG. 8. Spatial extent of detections for animals accessing a known and uncontrolled attractant (red triangle). Bears accessing
this food have been detected as far as 37 km away, highlighting the far-reaching impacts of attractants and the value in landscape-
level monitoring using genetic tags.
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high abundance of bears accessing a 0.25-km2 area, to
feed on carcasses (Fig. 8). When attractants, bears, and
humans converge, the result is often dead bears, thus the
spatial context of the potential demographic effects of
localized mortality on populations is important (More-
house et al. 2016, Lamb et al. 2017b). We previously
detected each of these animals a number of times in our
genetic tagging study, revealing the landscape context of
this food source: attracting bears that range as far as
37 km away, with a total expanse of 65 km between the
two farthest detections. These data demonstrate the need
to better control this attractant source and other carcass
pits in the region.

Case study summary

Here, we applied recently developed analytical tech-
niques to over a decade of genetic tagging data on griz-
zly bears in the Canadian Rockies. Results from this
approach provided the (1) population density and influ-
ences from landscape correlates, (2) population trajec-
tory and survival rate, (3) identification of connectivity
fractures influenced by human-settled valleys and mor-
tality, and, finally, (4) insight into the spatial extent and
demography of conflict. This collective inference pro-
vides an integrated picture of the drivers of the popula-
tion, potential conservation concerns, and evidence to
support immediate mitigation measures. We view these
insights as critical information in population ecology
and conservation and suggest that genetic tags provided
us the means to easily ask and answer many pressing
questions, both applied and theoretical, for this elusive,
high-profile species across large spatial scales.

CONCLUSIONS

With increasing pressures on the natural world and
limited conservation funding, ecologists require methods
that are information dense and efficient to collect. Krebs
(2018) states: “Two major empirical processes stare ecol-
ogists in the face at this time in history and should
demand our attention—climate change and habitat loss
. . . There is a pressing need to study immediate conser-
vation and management problems”. Genetic tags con-
tribute significantly to satisfying these requirements and
offer a compelling framework for addressing questions
of ecological theory and conservation of species.
Possibly the most significant advance offered through

genetic tagging is the underutilized ability to reveal how
the most fundamental demographic mechanisms—popu-
lation density, trajectory, and individual fitness—con-
tribute to observed ecological processes (Fig. 2). Linking
demographic parameters to the mechanisms driving fit-
ness allows for deep ecological understanding, and there-
fore effective mitigation of environmental change on
wildlife populations, species, and ultimately ecological
communities. Whenever possible, investigators should
leverage natural experiments or conduct controlled

manipulations to strengthen the inference possible with
the approaches we outline here.
The depth and scale of ecological inference available

from genetic tags is rapidly increasing. The future will
likely see increased integration of population dynamics
with population genetics for eco-evolutionary insights
(Lowe et al. 2017), as well as community-level monitor-
ing using genetic metabarcodes (Cristescu 2014), and
eDNA (Pikitch 2018). Indeed, these approaches have
recently been used to assess shark diversity (Bakker
et al. 2017) and niche partitioning (Kartzinel et al.
2015), but challenges remain in using eDNA to infer
abundance (Rice et al. 2018). Integrating these rapidly
advancing community-level approaches with the popula-
tion-level advances detailed here and the growing field
of genomics (Carroll et al. 2018), presents further
opportunity for ecological insight that scales from the
allele to the ecosystem. With the rise of evidence-based
policy under a rapidly changing environmental context,
genetic tags are poised to advance the frontiers of ecol-
ogy, conservation, and our understanding of the natural
world in the Anthropocene.
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