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Abstract: Management of large carnivore populations represents an important challenge in conserva-
tion, requiring balancing their cultural, economic, and ecological value with potential risks of human–
wildlife conflicts. Harvest can provide an effective tool for managing populations, but it can be difficult
to define appropriate harvest quotas or assess the consequences of other conservation measures. We
introduce the web-application ‘demetR’ (“Dynamic Environment for Modeling and Estimating Tra-
jectories in R,” available at https://pop-eco.shinyapps.io/demetR/) to evaluate the effects of harvest
scenarios and other conservation policies on brown bear (Ursus arctos) and American black bear (U.
americanus) populations. We developed a Bayesian population trajectory model to simulate brown bear
and black bear populations in response to user-defined demographic parameters and harvest. Model
simulations are performed using fixed or stochastic demographic parameters, allowing for informative
and non-informative priors. We provide an overview of the general layout, along with descriptions of
model inputs and outputs. We then provide examples of bear populations simulated using deterministic
and stochastic approaches with varying levels of harvest. Performing computer simulations of different
management scenarios offers an economical and efficient way to test practices before their application,
and can be valuable for decision-making. This model can also be applied to other species with similar
life-history traits. Future developments will provide users with greater input flexibility and adaptations
to specific population structures of other large carnivores. Management decisions can be costly, with
long-lasting ecological and economic consequences. Models such as the one we present here, in the
context of structured decision-making and adaptive management, can improve the quality and quantity
of information needed to make these decisions.
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Large carnivores are often regarded as charismatic and
used as ‘flagship’ species to raise support for biodiver-
sity conservation (Linnell et al. 2000). Their influence
can be observed in various cultures (Kellert et al. 1996),
ecology (Ripple et al. 2014), and economies (Ray et al.
2013). Through predation and scavenging, these species
contribute to maintaining ecosystem functions and stabi-
lize interactions between species at lower trophic levels
(Miller et al. 2001, Ripple et al. 2014). Moreover, large
carnivores can provide a valuable resource for ecotourism
and hunting (Sillero-Zubiri and Laurenson 2001, Dick-
man et al. 2011), and therefore a potential source of rev-
enue that can be redirected toward larger conservation
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efforts (e.g., Mossaz et al. 2015). Managers and conser-
vationists have to balance the ecological and economic
values of large carnivores with potential risks of con-
flicts with humans (Treves and Karanth 2003) while con-
sidering the threats these species face (Woodroffe 2000,
Basille et al. 2013, Wolf and Ripple 2016); therefore,
effective management of their populations represents an
important challenge in conservation.

Informed population conservation and management
rely on 3 dynamic pillars: (1) estimation of population’s
parameters through data collection and analyses, (2) de-
velopment of management scenarios and designs based
on intended objectives for the population and what is
known about the population, and (3) implementation
of management actions. One of the most direct ways
humans can affect populations of large carnivores in
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general, and bears (Ursidae) in particular, is through har-
vest (Pease and Mattson 1999, Boyce et al. 2001, Treves
and Karanth 2003, Haroldson et al. 2006, Linnell et al.
2010). Harvest, when appropriately and carefully imple-
mented, can provide an effective tool for conservation
(Hauser et al. 2006). It allows control of removed indi-
viduals both in terms of number and characteristics (such
sex or age class). It is also a practical solution in terms of
speed (i.e., how fast it can be conducted), regularity, and
adaptability (i.e., modification of number and targeted
individuals based on changes in management decision-
making).

Determining harvest quotas can be challenging, and
these decisions can strongly influence a population’s tra-
jectory. Consequently, it is useful to evaluate different
harvest scenarios and their potential effects on the target
population before implementing a given harvest strategy.
Doing so requires knowledge of the ecological and an-
thropic mechanisms responsible for the observed popu-
lation dynamics; models therefore require flexibility for
use with different species and populations. Performing
computer simulations of different management scenarios
offers an economical, rapid, and efficient way of testing
practices before their application, and can be valuable for
decision-making.

We present an overview of the web-application demetR
(Dynamic Environment for Modeling and Estimating
Trajectories in R), developed for managers to perform
simulations under various conditions using an online
Bayesian population-projection model developed for
brown bears (Ursus arctos) and American black bears
(U. americanus; hereafter, ‘black bears’), which is suit-
able for other carnivore species with similar life-history
traits. This application can be used to simulate and ex-
port different population trajectories in response to vary-
ing demographic conditions, as well as to estimate the
response of bear populations to different harvest and pop-
ulation management scenarios. We provide a description
of the underlying ecological structure and model adapta-
tions made specifically for brown bears and black bears,
an explanation of the output that can be generated, and
examples of how to use this model under different man-
agement scenarios. The web-application is available at
https://pop-eco.shinyapps.io/demetR/.

Model structure
The model we developed for brown bears and black

bears is a Bayesian projection matrix model, where the
abundance of a given sex–age class depends on demo-
graphic parameters including average litter size, repro-

duction probability, litter sex-ratio, survival, and transi-
tion probabilities (probability that individuals will tran-
sition from one age-class to the next), as well as the di-
rect effects of harvest (Leslie 1945, Brooks et al. 2004,
Bled et al. 2017). Model simulations can be performed
using fixed or stochastic demographic parameters and, if
stochastic simulations are performed, the model allows
use of informative or noninformative priors.

General model description
We introduce the general structure using demographic

parameters set as fixed values, and present adaptations
for a stochastic approach in a later section. For any sex–
age class X during replicate k in year t, we defined as
NXt the actual population size for class X during year
t. We defined the sex–age classes abundances based on
the structure of the general population and relevant de-
mographic parameters (Fig. 1). We currently use 5 age
classes that are species dependent. For brown bears, these
age classes represent cubs-of-the-year (<1 yr old), year-
lings (1 yr old), dependent young (>1 yr old but with
adult female), subadults (3–4 yr old), and adults (>4 yr
old). For black bears, the age classes are cubs-of-the-year,
yearlings, 2-year olds, 3-year olds, and �4-year olds, re-
spectively. Details on the differences between models for
brown bear and black bear populations are presented in a
separate section below.

We used different modeling approaches for cubs-of-
the-year and subsequent sex–age classes. We defined
cubs-of-the-year population size in NCtBH

year t before
harvest (BH) as following a Poisson distribution whose
mean corresponds to the product of the abundance NX,♀t−1

in year t − 1 of females that survived from year t − 1 to
year t with probability �X,♀t−1

and reproduced with prob-
ability PX,t−1, and with the average litter size Lt−1 at den
exit between years t − 1 and t.

NCtBH
∼ Poisson

(
Lt−1

∑
X

NX,♀t−1
�X,♀t−1

PX,t−1

)

This represents cubs-of-the-year born between years
t − 1 and t surviving until den exit. Consequently, male
and female cub abundances during year t before harvest
(NC♂tBH

and NC♀tBH
, respectively) are defined based on the

global cub population size and the corresponding litter
sex-ratio (♂:♀) following

NC♂tBH
∼ Binomial (NCtBH

,♂ : ♀t−1)

NC♀tBH
= NCtBH

− NC♂tBH

from which we can define the total abundances for male
and female cubs NC♂t

and NC♀t in year t, after harvest.
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Fig. 1. General model for the population structure used by the Bayesian population simulation web-
application demetR. ϕ = survival probabilities, γ = transition probabilities, r = reproductive probability, L =
litter size, ρ = reproductive rate, and H = harvest.

Historically, modeling the fate of a population often fo-
cuses on breeding females and litter size. Practically
speaking, it corresponds to assuming that if there are
females, there are males to impregnate them, and that
the limiting factor is the female population, not the male
population. Explicitly accounting for this modeling short-
coming would require including a limiting factor based
on (1) the ratio of males to females in the population,
and (2) an estimate of how many females a single male
can impregnate (note: this estimate would cover both the
physical abilities of males to fertilize a female and the
encounter probabilities).

Subsequent sex–age classes were defined based on the
abundance NXt , survival �Xt , and transition probabilities
γX,t, of said sex–age class and preceding sex–age class
during the previous year.

NXtBH
= Binomial

[
NXt−1 ,�Xt−1

(
1 − γXt−1

)]
+ Binomial

(
NX−1t−1 ,�X−1t−1γX−1t−1

)
with X − 1 corresponding to the sex–age class preced-
ing X (e.g., subadult for adults, 2-yr-olds for 3-yr-olds).
Transition rates between classes were interpreted differ-
ently, depending on the classes and species considered.
For example, transition rates from dependent young to
subadults in brown bears would correspond to success-
ful weaning. Parenthetically, the above notation does not

refer to a mixture distribution, but rather indicates that
abundance before harvest is the sum of 2 independent
binomial random variables: (1) survival of same-class in-
dividuals not transitioning, and (2) transition of surviving
individuals from the previous age-class. The actual abun-
dances of each sex–age class at year t, is then adjusted to
account for harvest.

It should be noted that the order in which survival and
harvest are considered in the modeling procedure influ-
ences the population growth. We decided to implement
a model where harvest is accounted for after survival.
In a natural setting, this could be interpreted as harvest
occurring later in the year, before den entrance.

Fixed versus stochastic demographic parame-
ters

By default, demographic parameters are defined using
fixed values. However, the web-application also offers the
option to define each individual parameter using stochas-
tic distributions (using informative or noninformative pri-
ors). Survival, transition, and reproduction probabilities,
and sex ratio, can be defined using a uniform or beta distri-
bution, whereas litter size can follow a uniform or gamma
distribution. Uniform distributions correspond to a distri-
bution wherein every value within a specified interval is
equally probable. On the other hand, beta and gamma
distributions allow specifying intervals where some
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values are more probable than others, as specified by the
mean. Moreover, the beta distribution will lead to values
on a probabilistic scale (i.e., between 0 and 1), whereas
the gamma distribution outputs positive real numbers. We
used beta and gamma distributions because they provide
an efficient approach to input informative priors (Dupuis
et al. 2011). For example, to define an informative beta
prior with shape parameter a and b, we can express these
in terms of the distribution’s mean μ and variance σ2,
such as

a = μ2 (1 − μ) − μσ2

σ2
and b = a (1 − μ)

μ

This is derived from the relationship between the beta dis-
tribution’s mean and variance with its shape parameters:

μ = a

a + b

σ2 = ab

(a + b)2 (a + b + 1)

Similarly, the same approach can be used to provide
an informative prior for the gamma distribution because
its mean and variance are related to its shape parameter k
and scale parameter θ following

μ = kθ

σ2 = kθ2

By specifying the intended mean and credible interval,
it is possible to deduce the values of the shape parameters
using a dichotomy algorithm (Bled 2010, Dupuis et al.
2011).

It should be noted that our demographic parameters are
expressed at the scale of the population (or more precisely
of the relevant subset of the population depending on each
age-class), and therefore should not be interpreted as in-
dividual survival and reproduction probabilities (i.e., at a
scale where probability are conditioned on each individ-
ual’s characteristics and history).

Differences between brown bear and black bear
population models

Despite using a similar model structure for the simu-
lation of brown and black bear populations, some adjust-
ments were necessary to account for differences between
species. Black bears wean earlier and can reproduce at
a younger age than brown bears; therefore, we rede-
fined the cubs-of-the-year, yearlings, dependent young,
subadults, and adult classes used for brown bears as
cubs-of-the-year, yearlings, 2-year-olds, 3-year-olds, and
�4-year-olds for black bears. Consequently, we set tran-
sition rates for black bears to 1 for each class. For brown

bears, we can separately define transition rates from de-
pendent young to subadults (corresponding to weaning
probability), and from subadults to adults (indicating sex-
ual maturity). Finally, because black bears can reach sex-
ual maturity earlier in their life than brown bears, we
can express different reproduction probabilities for the 2-
year-old, 3-year-old, and �4-year-old classes. Reproduc-
tion probabilities for brown bears can only be specified
for the adult age class.

Website layout and use
Our web-application demetR is divided into 2 main

tabs, each with subsections (Fig. 2). The Modelization
tab is used to input model parameter values (Table 1) and
provide detailed graphical representations of simulated
population trajectories. The main components under this
tab include number of years and populations to simu-
late, initial population size and composition, harvest in-
formation (either rate or target number), and demographic
parameters (survival, litter size, reproduction probabil-
ities, sex ratio, and for brown bears, transition proba-
bilities). Default values were derived from a synthesis
of peer-reviewed literature. Simulations are performed
in the software environment Program R (R Core Team
2017) and input–output relies on the R package ‘shiny’
(Chang et al. 2017). Once simulation settings are entered
and submitted, a graphical representation of each sex–
age class population trajectory is produced (Fig. 2A), and
results of the simulations output are available for down-
load in the Output tab (Fig. 2B). We have also included
the possibility to visualize and download the graphical
representations of the global population trajectories (i.e.,
total population, total males, and total females), as well
as the details for each age-class depending on sex, for de-
pendent young versus independent individuals. We also
present the relative trajectory of each sex–age class in
comparison with the total population size to show the
evolution of the population structure. The website also
includes material presenting the assumptions and mod-
eling methods underlying our population analyses in the
‘About’ tab.

Example 1: Black bear: fixed parameters, deter-
ministic population increase without harvest

We present the results from 100 simulations of a black
bear population simulated over 10 years. Using a sce-
nario corresponding approximately to a population in
Rocky Mountain National Park, Colorado, USA (NPS
2008, Baldwin and Bender 2012), we set initial popula-
tion sizes to 5, 1, 1, 1, and 4 individuals for males and
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Fig. 2. Web-application layout for the Bayesian population simulation web-application demetR. A = Mod-
elization tab (input and graphical representation of simulated population trajectories), B = Output (numerical
output table and summary of simulation input).
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Table 1. Description of options available in each input subsection of the web-application demetR to estimate
trajectories of bear and other large carnivore populations.

Subsection Item Description

General settings Study duration No. of time periods over which trajectories are simulated.
No. of populations to simulate No. of independent population replicates.
Interval type “Simulated abundances quantiles”: 2.5% and 97.5%

percentiles of the simulated abundances, or “95% credible
interval of the mean abundance”: 95% CI representing
uncertainty related to yearly mean abundance estimates,
computed via bootstrap.

Submit Run the simulations
Graph selection Specification of the displayed graphs for the main panel and

the 2 side panels. Options include “Global population,”
“Males (by age class),” “Females (by age class),” and
“Dependents vs. Independents.” For black bears,
dependents correspond to cubs-of-the-year, and
independents for other age classes. For brown bears,
dependents include cubs-of-the-year, yearlings, and
2–3-yr-olds, while independents corresponds to subadults
and adults.

Species Species Select “Black bear” or “Brown bear” model structures.
Initial population Initial population sizes Setting initial population sizes for each sex–age class.
Survival Model type “Deterministic” or “Stochastic”

Survival probabilities For deterministic models: If a single value is entered, it will be
used for the duration of the study. Alternatively, users can
enter a value for each year, separated by commas.

For stochastic models: parameters for a uniform distribution
are specified by indicating the lower and upper bounds of the
prior distribution, separated by a comma. Parameters for a
beta distribution are specified by indicating the mean, lower
95% credible interval, and upper 95% credible interval of the
prior, separated by commas.

Harvest Rate or Number Rate is a value between 0 and 1 indicating the proportion of the
population harvested.

Number is number of harvested individuals each year.
Harvest values If a single value is entered, it will be used for the entire study.

Alternatively, users can enter a value for each year,
separated by commas.

Reproduction Model type “Deterministic” or “Stochastic”
Litter size
Sex ratio
Reproduction probability

Input format and options are identical to those of survival
probabilities. Litter size can be defined following a gamma
distribution, using the same format used when specifying

Reproduction probability for 2-yr-old
(only available for black bears)

informative priors for beta distributions.

Reproduction probability for 3-yr-old
(only available for black bears)

Transition (available only Model type “Deterministic” or “Stochastic”
for brown bears) Transition probability for 2–3-yr-old

dependent to subadult
Transition probability for subadult to

adult

Transition refers to the probability that an individual will change
between status (e.g., from dependent young to subadult or
from subadult to adult). Input format and options are identical
to those of survival probabilities.

to 6, 1, 1, 2, and 4 individuals for females (for cubs,
yearlings, 2-yr-olds, 3-yr-olds, and �4-yr-olds, respec-
tively). We set survival probabilities to 0.7 for cubs and
yearlings, 0.8 for 2- and 3-year-olds, and 0.9 for �4-year-
olds. We set litter size to 1.8, sex ratio to 0.5, and repro-
duction probabilities for �4-year-old to 0.7, and 0 for
other age classes. We assumed no harvest. Using these

settings, we predicted the population would experience
slight growth over the 10-year period (Fig. 3).

Example 2: Brown bear: stochastic parameters,
stable population versus overharvest

This scenario demonstrates the potential consequences
of population management decisions through harvest and
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Fig. 3. Example: American black bear (Ursus americanus) population trajectory simulated using the Bayesian
population simulation web-application demetR: fixed parameters, simple population increase with no harvest.

simulates a brown bear population trajectory over 30
years using 30 simulations. We set the initial population
size at 25 cubs-of-the-year, 25 yearlings, 25 2–3-year-old
dependent young, 50 subadults, and 75 adults, for males
and females. We then set stochastic demographic param-
eters using uniform distributions, based on information
available in the literature (e.g., Schwartz et al. 2006).
We defined survival probabilities for males as being over
[0.55;0.65] for cubs and yearlings, [0.75;0.85] for 2–3-
year-old dependent young, [0.63;0.73] for subadults, and
[0.75;0.80] for adults. For females, we defined proba-

bilities as uniform over [0.65;0.75] for cubs, yearlings,
and for 2–3-year-old dependent young; [0.675;0.775] for
subadults; and [0.85;0.95] for adults. We set litter size
as uniform over [2.2;2.4], sex ratio over [0.45;0.55], and
reproduction probability over [0.7;0.8]. We also speci-
fied transition probabilities from 2–3-year-old dependent
young to subadults to vary over [0.75;0.85], and from
subadults to adults to vary over [0.75;0.85] for males and
females. In this scenario, if we set harvest to 5% for adult
males and females, we obtain a stable population (Fig. 4),
whereas an increase to 15% harvest of adult males and

Fig. 4. Example: testing management scenarios using the Bayesian population simulation web-application
demetR. Case of a simulated brown bear (Ursus arctos) population trajectory using stochastic parameters:
stable population scenario.
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Fig. 5. Example: testing management scenarios using the Bayesian population simulation web-application
demetR. Case of a simulated brown bear (Ursus arctos) population trajectory using stochastic parameters:
overharvested population scenario.

females will cause the population to decline dramatically
within a few years, indicating overharvest (Fig. 5).

Discussion
Developing models for brown bears and black bears

to predict population trajectories in response to manage-
ment decisions requires specific ecological model struc-
tures. Implementation and consequences of conservation
policies can be costly, so an easy-to-use web-application
to assess the outcome of different harvest scenarios can be
valuable for managers. Although easily available, there
are few currently available options and they can appear
intimidating for novices (as stated in Getz et al. 2017).
Some examples include the Population Viability Analysis
software VORTEX (Lacy 1993, Lacy and Pollak 2012),
or the stochastic and deterministic population model-
ing risk-management decision tool RISKMAN (Taylor
et al. 2001), and the population viability analysis web-
application Numerus PVA (Getz et al. 2017). We propose
here a general approach for brown bears and black bears
offering both intuitive controls suited for quick analy-
ses, as well as more customizable options. This approach
uses a population structure detailed enough to accommo-
date most bear populations, while being simple enough
that multiple scenarios can be quickly tested, using com-
monly available information regarding demographic pa-
rameters. Our program allows the user to set fixed values
(both globally for the study duration, or year-specific) or

stochastic prior distributions (noninformative or informa-
tive) for demographic parameters. Male and female bears
have different survival probabilities, with males usually
subject to more intense harvest (McLellan et al. 1999,
Bischof et al. 2009, Van Daele and Barnes 2010). Other
differences based on sex and age must be considered when
modeling demographic processes for such populations
(e.g., reproductive maturation and senescence; Eiler et al.
1989, Kolenosky 1990, Schwartz et al. 2003). Moreover,
because bear harvest may differ across jurisdictions over
years or by sex and age classes, this variability must be ex-
plicitly incorporated in population models. Our approach
allows for incorporation of this variation and provides a
fast, repeatable, and free assessment of different manage-
ment scenarios.

This population model can also be used to evaluate
the relative importance of different demographic param-
eters, allowing users to decide which are more effective
to target relative to conservation policies. Moreover, it
is possible to calculate and predict the consequences of
different harvest scenarios, and refine harvest quotas and
permit allocations accordingly. This can be done adap-
tively (e.g., annually), based on timing and availability of
demographic and harvest data, providing a valuable tool
for adaptive management of bear populations. Although
currently limited in its main target to brown and black
bears, managers can use our model for species with sim-
ilar life histories. The definitions used for each sex–age
class (e.g., subadults, �4-yr-old) are somewhat arbitrary,
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and use for other species is conditioned only on simi-
lar statistical descriptions of the underlying population
structure. Finally, demetR could be used for educational
purposes, giving students full control over the underlying
demographic parameters of a population, allowing devel-
opment of hypotheses regarding modifications of these
parameters and respective population responses.

The use of a Bayesian approach provides a useful
framework to account for uncertainty in our knowledge
of the demographic processes and parameters underly-
ing our population dynamics. Natural populations are af-
fected by, and are the results of, stochastic processes.
We decided to use a Bayesian framework, so our popula-
tion models inherently contain a certain amount of demo-
graphic stochasticity even when using fixed values for the
population parameters. The evolution of each age-class
abundance relies on the use of probability distributions;
the fate of each class is derived from a random sample of
the relevant subsets of the population based on the spec-
ified demographic parameters. Therefore, our use of the
terms ‘fixed’ versus ‘stochastic’ effects only refers to said
parameters. Whenever available, we recommend to use
the stochastic approach to the description of demographic
parameters because it allows one to describe more accu-
rately the uncertainty associated with our knowledge of
ecological processes, as well as their intrinsic variability.
Furthermore, users should be aware that entered demo-
graphic parameters correspond statistically to the “true”
values or distributions, and our models do not account for
the consequences of sampling uncertainty that can affect
how these values were determined.

We are considering future model developments that al-
low for greater flexibility, including increasing the num-
ber of sex–age classes and further improving the demo-
graphic links between them. We have also designed this
model for the inclusion of other ecological and envi-
ronmental covariates to increase the adaptability of this
framework to local conditions and improving predictabil-
ity of our model. This would allow users to investigate
management decisions including not only harvest, but
also landscape modifications or other elements consid-
ered important to managers and biologists. Ultimately,
future model developments will provide the user greater
flexibility in setting parameter values and number of age-
classes, allowing adaptations to the population structure
of other large carnivores. One of the current limitations of
our model is the absence of options to control age of prim-
iparity. Although this can be circumvented by fine-tuning
yearly reproduction probabilities, we plan to include this
setting in future versions of this application. Similarly,
we are planning to explicitly account for the 2-year re-

productive cycle of black bears and the 3-year cycle of
brown bears, which results in females not being available
to breed for, on average, half or one-third of their repro-
ductive life because they have dependent young. Another
useful addition to this tool will be to allow the user to in-
put actual harvest data (including age-class information)
and let demetR automatically assess vulnerabilities from
these data. Finally, our model does not currently incor-
porate processes linked to density dependence or envi-
ronmental characteristics. Under these assumptions, the
population is not limited in any way by the availability of
resources. It would be beneficial to include this in a more
complex version of our tool.

Management decisions can be costly, with long-lasting
consequences for target populations, their ecosystems,
and the communities in which they occur (including
human–wildlife interactions). These decisions must be
crafted carefully, based on ecological and environmental
considerations. Tools such as demetR, especially in the
context of a structured-decision-making approach, can
improve the quality and quantity of information needed
to make these decisions (Gregory et al. 2012).
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