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A B S T R A C T   

Arctic marine mammals are harvested by Indigenous people for subsistence and are socially and culturally 
important. For ice-dependent species like the polar bear Ursus maritimus, management and conservation require 
understanding interactions between harvest and sea-ice loss due to climate change. We developed a demographic 
model to evaluate harvest risk for polar bears in Southern Hudson Bay, Canada, where the annual ice-free season 
has increased by approximately one month in recent decades. The model was based on the theta-logistic equation 
and allowed for density-dependent changes (through carrying capacity [K]) and density-independent changes 
(through population growth rate [r]). Model parameters were estimated using a Bayesian Monte Carlo method 
that included capture-recapture, aerial survey, and harvest data. Harvest management followed a state- 
dependent approach under which new estimates of abundance were used to update the harvest level every 
five years. Under a middle-of-the-road environmental scenario that assumed K and r would decline in proportion 
to projected sea-ice declines, annual removal of 0.02–0.03 of females resulted in a 0.8 probability of maintaining 
subpopulation abundance above maximum net productivity level for three polar bear generations (~34 years), 
our primary criterion for sustainability. Under more pessimistic and optimistic environmental scenarios, com
parable female harvest rates were 0.01 and 0.055, respectively. Our coupled modeling-management framework 
can be used to inform tradeoffs between protection and sustainable use for wildlife populations experiencing 
habitat loss.   

1. Introduction 

Flexible and adaptive management is required to address the fast 
pace of ecological change in the Arctic (Post et al., 2019) and the vari
able, often poorly understood, effects it is having on wildlife (e.g., 
Descamps et al., 2017). For harvested species, scientific assessment of 
interactions between harvest and climate change can help resource 
managers balance the demographic effects of human-caused removals 

with the nutritional, social, and economic benefits of use (Bowyer et al., 
2019). As environmental conditions move farther from historical base
lines (IPCC, 2019), conservation of Arctic fauna will depend on the 
ability to articulate clear management objectives, evaluate population 
status using models that account for climate change, and implement 
effective co-management between local users and resource managers 
(Laidre et al., 2015). 

Polar bears (Ursus maritimus) depend on sea ice for critical aspects of 
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their life history, including access to their primary prey, ringed seals 
Pusa hispida ) and bearded seals (Erignathus barbatus; Amstrup, 2003). 
The Arctic is warming faster than other parts of the planet (Post et al., 
2019) and the resulting sea-ice loss is considered the primary threat to 
the species (PBRS, 2015). Although most polar bears are expected to be 
negatively affected by climate change in the long term (Atwood et al., 
2016), the 19 recognized subpopulations currently exhibit variable 
status due to differences in physical geography, biological productivity, 
and other factors (Durner et al., 2018). Most polar bear subpopulations 
are subject to a legal and managed subsistence harvest by Indigenous 
people (Laidre et al., 2015). Thus, a primary goal of polar bear man
agement is to estimate the number of bears that can be removed annu
ally while meeting population management objectives. Harvest risk 
assessment methods that allow for climate-driven changes in de
mographic parameters have been developed recently (Regehr et al. 
2017) but require detailed vital rate estimates that are only available for 
some polar bear subpopulations (e.g., Regehr et al., In press). 

The Southern Hudson Bay (SH) polar bear subpopulation occurs near 
the southern limit of the species' range (Fig. 1) where the ice melts 
completely each summer. Since 1979, marine waters within the SH 
subpopulation boundary have lost approximately seven ice-covered 
days per decade (a metric used to quantify the time available for polar 
bears to hunt seals; Stern and Laidre, 2016). Intermittent live-capture 
studies suggest that SH polar bear body condition (i.e., fatness) 
declined over the period 1984–2009, likely in response to habitat loss 
(Obbard et al., 2016). The most recent estimate of total (i.e., female and 
male) subpopulation abundance was 780 bears (95% confidence inter
val [CI] = 590–1029) in 2016 (Obbard et al., 2018), which represents a 
likely decline from the previous estimate of 943 bears (95% CI =
658–1350) in 2012 (Obbard et al., 2015). In the adjacent Western 
Hudson Bay (WH) subpopulation, where live-capture research occurs 

annually, declines in body condition were detected prior to declines in 
reproduction, survival, and abundance (Lunn et al., 2016). As an 
expression of Indigenous Knowledge (IK), individuals and communities 
in the SH region recognize environmental changes but consider polar 
bear abundance as stable or increasing, and express concern about 
increasing human-polar bear interactions and threats to human safety 
(Tonge and Pulfer, 2011; Laforest et al., 2018; NMRWB, 2018). Polar 
bears from the SH subpopulation are actively harvested by Indigenous 
communities. 

We developed a demographic model for the female component of the 
SH polar bear subpopulation based on a discrete version of the theta- 
logistic equation, which has been widely used to evaluate wildlife har
vest (e.g., Johnson et al., 2018). Our goal was to forecast the de
mographic effects of different harvest strategies over the next 34 years 
(approximately three polar bear generations; Regehr et al., 2016). In this 
paper, “harvest” refers to all human-caused removals (i.e., the combi
nation of subsistence harvest, removal of bears in defense of life and 
property, and other direct human-caused mortality). The potential ef
fects of climate warming were represented via changes in habitat 
quantity affecting the number of animals the environment can support 
(through the theta-logistic parameter for environmental carrying ca
pacity [K]), and changes in habitat quality affecting population growth 
regardless of density (through the theta-logistic parameter for intrinsic 
growth rate [rmax]; USFWS, 2016). We accounted for sampling uncer
tainty by using population reconstruction (e.g., Nilsen and Strand, 2018) 
to estimate parameters of the theta-logistic equation from historical 
capture-recapture, aerial survey, and harvest data. We accounted for 
environmental uncertainty by developing alternative scenarios 
informed by scientific studies, IK, and projections of sea ice. Analyses 
followed a state-dependent approach under which harvest levels were 
updated periodically using new data on the demographic status (i.e., 

Fig. 1. Area of the Southern Hudson Bay (SH) polar bear subpopulation (right), which is among the southernmost of the world's 19 recognized polar bear sub
populations (left). Subpopulation boundaries generally correspond to management units for the species. SH bears are harvested for subsistence by hunters from 
Nunavut, Ontario, and Québec. 
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“state”) of the subpopulation (Runge et al., 2009). 

2. Materials and methods 

2.1. Data for the SH polar bear subpopulation 

Empirical data for the SH subpopulation included harvest records, 
estimates of abundance from capture-recapture studies and aerial sur
veys, and estimates of population growth rate calculated using vital 
rates from capture-recapture studies. We modeled the female compo
nent of the SH subpopulation only because females are the most 
important contributors to population growth (Hunter et al., 2007) and 
aerial surveys in the 2010s did not provide detailed information on 
subpopulation composition. The data are described below and their use 
to estimate parameters of the theta-logistic equation is described in the 
section Bayesian population reconstruction. 

Female harvest data were obtained from management authorities 
responsible for the SH polar bear subpopulation (Nunavut, Ontario, and 
Québec). To account for incomplete reporting, we treated annual har
vest as a random variable based on reported harvest levels and estimates 
of reporting probability (Supporting File 1). 

Estimates of total (i.e., female and male) abundance (Nf+m) were 
available for the periods 1984–1986 and 2003–2005 from capture- 
recapture studies (Kolenosky et al., 1992; Obbard et al., 2007) and for 
the years 2012 and 2016 from distance-sampling aerial surveys (Obbard 
et al., 2015, 2018). The capture-recapture estimates were adjusted up
wards to account for incomplete geographic sampling and improve 
consistency with the aerial survey estimates (Supporting File 2). The 
resulting numbers for Nf+m, and the proportion of females in the sub
population (propaf), were 802 bears (95% confidence interval [CI] =
564–1044, prop af = 0.46) in 1986, 842 (95% CI = 564–1118, propaf =

0.57) in 2005, 943 (95% CI = 650–1312, propaf = 0.50) in 2012, and 781 
(95% CI = 590–1023, propaf = 0.50) in 2016. These data were used to 
calculate female abundance (N). 

We calculated values of female population growth rate (r) referenced 
to 1986 and 2005 using survival rates from Obbard et al. (2007, 2010) 
and reproductive parameters from Kolenosky et al. (1994) and Obbard 
et al. (2010). First, we used a stage-structured matrix population model 
for polar bears (Hunter et al., 2010) to calculate asymptotic, observed 
growth rate (robs) based on the published estimates of total female sur
vival (Stotal), which included harvest mortality. Second, we converted 
estimates of Stotal to unharvested survival (S) using the formula: 

S = Stotal/(1 − H/N), (1)  

where H is the number of females removed by humans. Thus, H/N is the 
female harvest mortality rate (h). We then used estimates of S (Sup
porting File 2) in the matrix model to calculate potential growth rates in 
the absence of harvest. We denote these growth rates rMNPL because they 
were referenced to a subpopulation density at maximum net produc
tivity level (MNPL), the subpopulation size that results in the greatest 
net annual increment in numbers resulting from reproduction minus 
losses due to natural mortality. By referring to these growth rates as 
rMNPL, we assume that the SH subpopulation has been harvested in the 
vicinity of maximum sustainable yield (MSY) in recent decades (Obbard 
et al., 2007). Finally, we estimated maximum intrinsic growth rate (rmax) 
using the ratio rMNPL/rmax = 0.82 that has been suggested for polar bears 
(Regehr et al. 2017). We accounted for statistical uncertainty in esti
mates of r by generating 10,000 random samples of the vital rates (i.e., 
breeding and survival probabilities) using the published means and 
variances and a correlation matrix from the most supported capture- 
recapture model in Obbard et al. (2007). 

2.2. Demographic model 

The theta-logistic equation can be written as follows: 

Nt+1 = Nt(1 − h)× exp
{

rmax

[

1 −
(

Nt(1 − h)
Kt

)θ ] }

(2)  

where N is abundance, rmax is maximum intrinsic growth rate, K is 
environmental carrying capacity, h is the harvest rate (i.e., the propor
tion of subpopulation abundance removed annually), and θ is a shape 
parameter that determines how the growth rate changes as a function of 
density. Parameters are referenced to females unless otherwise noted. 
The annual harvest level (i.e., the number of bears removed from the 
subpopulation between time steps t and t + 1) is calculated as Ht = hNt. 
For most analyses, we fixed θ to 5.045 because this value produces dy
namics that are typical of long-lived mammals (Wade, 1998) and 
consistent with other models for polar bears (Appendix 1; USFWS, 
2016). Our simulations considered changes in both K and rmax but did 
not include a mechanistic link between the two parameters. We quan
tified habitat loss and its potential effects on demography by using the 
number of ice-covered days per year within the SH subpopulation 
boundary, derived from remote-sensing data using the methods of Stern 
and Laidre (2016) and projected forward (Supporting File 3), as a proxy 
for trends and variation K. 

2.3. State-dependent harvest management framework 

We modeled a state-dependent harvest management framework 
under which new demographic data were used to periodically update 
the harvest level. For a given harvest strategy, Ht was calculated as the 
product of h and Ñt, a median estimate of female abundance available at 
time step t. During population projections (see section Simulations to 
evaluate harvest risk), values of Ñt were obtained from simulated 
research studies according to the management interval (i.e., the number 
of years elapsed between updates to harvest). Specifically, we randomly 
selected a value of N from a normal distribution with a mean equal to the 
mean abundance in the preceding three years and a standard deviation 
corresponding to CV(Ñ) = 0.16, the average coefficient of variation (CV) 
from recent aerial surveys (Obbard et al., 2015, 2018). This approach 
assumed that future study methods will produce estimates of mean 
abundance with similar precision to previous estimates and that there is 
a one-year lag between an estimate becoming available and its use for 
management. 

During population projections, we recorded the probability of 
achieving three management objectives. Management Objective 1 
sought to maintain the size of a harvested subpopulation above MNPL, 
which occurs at a relative density of approximately N/K = 0.70 when 
using θ = 5.045 (Appendix 1). This objective protects against over
exploitation while allowing the possibility for harvest levels to approach 
MSY (USFWS, 2016). In stochastic projections, the probability of 
meeting this objective at time step t was denoted Pt

N>MNPL. Management 
Objective 2 sought to maintain the size of a harvested subpopulation 
above 90% of starting abundance, similar to previous harvest risk as
sessments for polar bears when habitat was stable and the goal was to 
prevent subpopulation declines (e.g., Taylor et al., 2006a). The proba
bility of meeting this objective at time step t was denoted Pt

N>0.9N1. 
Management Objective 3 conveyed whether the SH subpopulation was 
likely to experience severe declines. Specifically, we calculated the 
probability that abundance remained above a threshold value of 175 
female bears at time step t (Pt

N>thresh), based on the premise that sub
populations starting at a large size (e.g., 1000) could face a heightened 
risk of extirpation below a total (i.e., female and male) abundance of 
approximately 350 (USFWS, 2016). The value 175 is a placeholder 
because it is not known when SH bears might experience negative small- 
population effects. 
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2.4. Bayesian population reconstruction 

We used a Bayesian Monte Carlo method to estimate parameters of 
the theta-logistic model that provided the best fit to empirical data for 
the SH subpopulation. This ensured that the model could reproduce 
historical subpopulation trends, and provided parameter estimates for 
forward projections. First, we specified prior distributions for rmax and 
starting N/K (i.e., subpopulation density relative to carrying capacity at 
the first time step of population reconstruction) based on existing 
knowledge of polar bear demography and assumptions specific to each 
environmental scenario (see section Simulations to evaluate harvest risk 
and Supporting File 4). Second, we ran retrospective projections over 
the period 1986–2016 or a subset of these years, depending on the 
environmental scenario, using the theta-logistic model parameterized 
with 10,000 random samples from the prior distributions for rmax and 
starting N/K. Abundance at the first time step was randomly selected 
from a uniform distribution spanning the 95% CI of the empirical esti
mate of abundance for the starting year. A stochastic harvest was 
applied each year based on historical harvest levels (Supporting File 1), 
and K varied stochastically with a trend and variance specific to each 
scenario. Third, for each retrospective projection we calculated a like
lihood based on the probabilities of observing the values of rmax selected 
from their prior distributions and the projected values of N, conditional 
on empirical sampling distributions of rmax for 1986 and 2005 from 
capture-recapture studies and empirical estimates of N for 1986, 2005, 

2012, and 2016 from capture-recapture studies and aerial surveys (see 
section Data for the SH polar bear subpopulation). The log-likelihood 
can be written as: 

l(Θ|x) =
∑n

i=1
logP(X = xi), (3)  

where Θ is a vector of theta-logistic equation parameters, x is a vector of 
i = 1,2, … n observed values of rmax and N from a stochastic projection, xi 
is the ith element of x, X is the empirical sampling distribution corre
sponding to xi, and P(X = xi) is the probability of observing xi given the 
parameter's empirical sampling distribution from research studies. 
Retrospective projections for which a random sample of rmax or a pro
jected value of N had zero probability were discarded. For the remaining 
sets of theta-logistic equation parameters, we used the normalized 
likelihood values as observation weights to generate empirical proba
bility density functions and posterior distributions for rmax and starting 
N/K. 

2.5. Simulations to evaluate harvest risk 

We used the theta-logistic model (Eq. (2)), parameterized with re
sults of the population reconstruction, to project simulated polar bear 
subpopulations forward 34 years, starting in 2016 (Fig. 2). For a given 
projection it was necessary to specify demographic parameters of the 
subpopulation, environmental conditions and how they influenced 

Fig. 2. Structure of the harvest risk assessment for the Southern Hudson Bay (SH) polar bear subpopulation. Scenarios represented different assumptions, from 
optimistic to pessimistic, about subpopulation status and the effects of climate change. Population reconstruction with demographic and harvest data for the specified 
period (e.g., 1985–2016) provided estimates of maximum intrinsic growth rate (rmax) and mean relative density at the start of forward projections (Nt=1/Kt=1, where 
N is abundance and K is carrying capacity). Using these estimates, subpopulations were projected forward 34 years subject to changing K and rmax, and female harvest 
at rate h. Stochastic results are presented as demographic outcomes (e.g., mean N at the end of projections; Table 1) and probabilities of meeting the three man
agement objectives defined in the main text (PN>MNPL, PN>0.9N1, PN>thresh). 
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demographic parameters, and a harvest strategy. Demographic param
eters were Nt=1, rmax, and density at the first time step of forward pro
jections (i.e., Nt=1/Kt=1, which together with Nt=1 permits calculation of 
Kt=1). Environmental conditions included temporal changes in K, rmax, 
or both. Harvest strategies were defined by a time-constant, user-spec
ified value of h and a 5-year management interval, because the research 
schedule for the SH subpopulation includes aerial surveys every five 
years (Dyck et al., 2019). The harvest level during the first management 
interval (i.e., for years t = 1, 2… 5) was calculated based on the point 
estimate of female abundance in 2016 (Obbard et al., 2018) for con
sistency across projections. At the beginning of subsequent management 
intervals, the harvest level was calculated using a value of Ñ derived 
from a simulated research study. 

To reflect key sources of uncertainty, we performed stochastic pro
jections over which certain parameters varied. We defined a “simula
tion” as 10,000 projections with the same demographic parameters, 
same method to project K and specify temporal variation in rmax, and 
same harvest strategy. For each simulation, sampling variation was 
incorporated by selecting 10,000 random samples of rmax from its pos
terior distribution from population reconstruction, and by periodically 
updating the harvest level using stochastic values of Ñt . Forward pro
jections started at a mean relative density (Nt=1/Kt=1) obtained from the 
final time step of population reconstruction. Environmental stochas
ticity between time steps t and t + 1 was incorporated by using a 
different projection of K for each sample. We recorded the probabilities 
of meeting the three management objectives described above, as well as 
mean female abundance (Nt), mean environmental carrying capacity 
(Kt), mean harvest level (Ht), and the probability of extirpation, Pext, 
defined as N falling below a quasi-extinction threshold of 0.15Nt=1. 

It is not possible to accurately forecast the status of the SH subpop
ulation under climate change based on existing information. Therefore, 
we performed forward projections to evaluate harvest risk under three 
plausible scenarios, from optimistic to pessimistic. The scenarios used 
theta-logistic parameters derived from population reconstruction 
applied to different subsets of historical data, and made different as
sumptions about the future effects of climate change (Fig. 2; Supporting 
File 4). For each scenario, we performed 17 simulations corresponding 
to female harvest rates from h = 0 to 0.08, in 0.005 increments. Scenario 
1 (optimistic) assumed that the future status of the SH subpopulation 
will be like its average status 1986–2016, during which the subpopu
lation was capable of strong growth and abundance was largely stable 
(Supporting File 4). During forward projections, K was projected using 
the estimated variance and slope from a linear model fit to the sea-ice 
data 1979–2016, resulting in a decline of approximately 3% per 
decade. Scenario 2 (middle-of-the-road) assumed that the future status 
of the SH subpopulation will be like its average status from 2005 to 
2016, during which the subpopulation was capable of moderate growth 
and may have experienced a decline in abundance toward the end. 
During forward projections, both K and rmax declined at 3% per decade. 
Scenarios 3a and 3b (pessimistic) assumed that the future status of the 
SH subpopulation will resemble its status 2012–2016, during which 
abundance likely declined. Scenario 3a attributed the decline to density- 
independent limitation (i.e., reduced rmax) whereas Scenario 3b attrib
uted the decline to density-dependent reductions in the observed growth 
rate (robs) resulting from a rapidly falling K (Appendix 1). The sensitivity 
of projections to different values of the density-dependent parameter θ is 
described in Supporting File 5. 

Computations were performed in the R computing language (version 
R 3.4.0; The R Project for Statistical Computing; http://www.r-project. 
org). Asymptotic growth rates were calculated from matrix projection 
models using the function pop.projection in the ‘popbio’ package (Stub
ben and Milligan, 2007). 

3. Results 

3.1. Data for the SH polar bear subpopulation 

For the period 1985–2016, the mean female harvest level for the SH 
polar bear subpopulation was 19.3 bears/year (standard deviation [sd] 
of annual mean values = 7.9 bears/year). The mean female harvest rate, 
expressed as the proportion of females removed each year, was 
approximately 0.05 (95% CI = 0.01–0.11). Estimated growth rates in 
1986 were robs = 0.02 (− 0.07–0.08) and rmax = 0.10 (0.01–0.15), and in 
2005 were robs = − 0.02 (− 0.18–0.07) and rmax = 0.01 (− 0.17–0.13). The 
number of ice-covered days within the SH subpopulation boundary 
declined significantly during the period of the satellite record 
(1979–2016: linear model slope = − 0.63 ice-covered days/year; se 
[slope] = 0.21, P < 0.01) and during the period of current modeling 
(1984–2016: linear model slope = − 0.76 ice-covered days/year; se 
[slope] = 0.29, P = 0.01). 

3.2. Simulations to evaluate harvest risk 

We summarize results of the harvest risk assessment by focusing on 
harvest strategies with an 80% probability of meeting Management 
Objective 1 (i.e., Pt=35

N>MNPL ≈ 0.80). Findings for other management ob
jectives and risk tolerances are provided in Table 1. Results are pre
sented up to a maximum value of h = 0.060, at which the probability of 
crossing below the minimum abundance threshold increased rapidly. 
Sensitivity analyses indicated that Pt=35

N>MNPL was robust to changes in the 
density-dependent parameter θ when harvest was applied at a constant 
rate. Specifically, under conditions like Scenario 2 and using a female 
harvest rate of 0.025, values of θ = [1.0, 2.5, 5.045, 10, 15] corre
sponded to Pt=35

N>MNPL = [0.80, 0.83, 0.84, 0.79, 0.74], respectively. Lower 
values of θ were associated with lower values of MNPL and rMNPL, and 
therefore lower equilibrium subpopulation sizes and harvest levels 
(Supporting File 5). 

3.3. Scenario 1 

Population reconstruction provided a reasonable fit to historical data 
(i.e., during retrospective projections, 99% of projected values of N and r 
were within the 95% CIs of empirical data; Fig. 3). The posterior dis
tribution of rmax had a mean of 0.08 (95% CI = 0.05–0.11; Fig. 4) and the 
posterior distribution of N/K at the start of population reconstruction (i. 
e., the value of N/K that provided the best fit to historical data) had a 
mean of 0.73 (95% CI = 0.53–0.89). Forward projections to evaluate 
harvest risk started with a relative density of Nt=1/Kt=1 = 0.79, the mean 
value from the final time step of population reconstruction. A subpop
ulation with the characteristics of Scenario 1 could support a relatively 
high harvest (Table 1). For example, a harvest strategy with female 
harvest rate h = 0.055 resulted in Pt=35

N>MNPL = 0.78, which is close to an 
80% probability of meeting Management Objective 1 (Fig. 5). This 
strategy would correspond to a starting harvest level Ht=1 = 21 female 
bears/year and a mean ending harvest level Ht=35 = 19 female bears/ 
year, where the decline is due to gradual declines in projected K. Under 
this harvest strategy, the subpopulation would have a low probability of 
crossing below the minimum abundance threshold (i.e., Pt=35

N>thresh = 0.99) 
and a negligible probability of extirpation after 34 years (i.e., Pext =

0.00). Although starting abundance was the same for all scenarios, and K 
declined at the same rate during forward projections for scenarios 1, 2, 
and 3a, Kt=35 differed among scenarios because each started with a 
different value of Nt=1/Kt=1 and therefore a different value of Kt=1. 

3.4. Scenario 2 

The posterior distribution of rmax had a mean of 0.05 (95% CI =
0.02–0.09) and the posterior distribution of N/K at the start of 
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population reconstruction had a mean of 0.73 (95% CI = 0.51–0.90). 
Forward projections started with Nt=1/Kt=1 = 0.73. A subpopulation 
with these characteristics could support a moderate harvest (Table 1). 
For example, a harvest strategy with a female harvest rate h = 0.025 
resulted in Pt=35

N>MNPL = 0.84 (Fig. 5). This strategy would correspond to a 
starting harvest level Ht=1 = 10 female bears/year and a mean ending 
harvest level Ht=35 = 10 female bears/year. Under this strategy, the 
subpopulation would have a low probability of crossing below the 
minimum threshold (i.e., Pt=35

N>thresh = 0.99) and a negligible probability of 
extirpation (i.e., Pext = 0.00). 

3.5. Scenario 3 

For Scenario 3a, the posterior distribution of rmax had a mean of 0.03 
(95% CI = 0.00–0.06), like its prior. Similarly, the posterior of N/K at 
the start of population reconstruction had a mean of 0.71 (95% CI =
0.51–0.90). Forward projections started with Nt=1/Kt=1 = 0.67. A sub
population with these characteristics could support a low harvest 
(Table 1). For example, a harvest strategy with h = 0.01 resulted in 
Pt=35

N>MNPL = 0.79 (Fig. 5). This corresponds to a starting harvest level Ht=1 

= 4 female bears/year and a mean ending harvest level Ht=35 = 4 female 
bears/year. Under this harvest strategy, the subpopulation would have a 
negligible probability of crossing below the minimum threshold (i.e., 

Table 1 
Forecasted demographic outcomes for the Southern Hudson Bay polar bear subpopulation under harvest and alternative scenarios for the current and future effects of 
habit loss due to climate change. h is the time-constant female harvest rate expressed as the proportion of female bears removed annually; Ht is the harvest level (female 
bears/year) at time step t; htotal* is the time-constant total (i.e., female and male) harvest rate expressed as the proportion of total bears removed annually assuming a 
2:1 male-to-female ratio in removals; Nt=35 is mean female abundance; Kt=35 is mean environmental carrying capacity; and Pext is the probability of extirpation. 
Pt=35

N>MNPL, Pt=35
N>0.9N1, and Pt=35

N>thresh are the probabilities of meeting management objectives 1, 2, and 3, respectively. Scenarios and management objectives are defined in 
the main text. Most outcomes are referenced to the final time step t = 35.   

h Ht=1  htotal* Nt=35  Kt=35  Ht=35  Pt=35
N>MNPL Pt=35

N>0.9N1 Pt=35
N>thresh Pext 

Scenario 1 (optimistic)  0.000  0  0.000  424  437  0  0.99  0.97  1.00  0.00  
0.005  2  0.008  421  437  2  0.99  0.97  1.00  0.00  
0.010  4  0.015  418  437  4  0.99  0.97  1.00  0.00  
0.015  6  0.023  414  437  6  0.99  0.97  1.00  0.00  
0.020  8  0.030  410  437  8  0.99  0.97  1.00  0.00  
0.025  10  0.038  404  437  10  0.99  0.97  1.00  0.00  
0.030  12  0.045  398  437  12  0.99  0.95  1.00  0.00  
0.035  14  0.053  391  437  14  0.98  0.92  1.00  0.00  
0.040  16  0.060  382  437  16  0.97  0.85  1.00  0.00  
0.045  18  0.068  372  437  17  0.94  0.76  1.00  0.00  
0.050  20  0.075  359  437  18  0.87  0.63  1.00  0.00  
0.055  21  0.083  343  437  19  0.78  0.50  0.99  0.00  
0.060  23  0.090  324  437  20  0.67  0.36  0.97  0.00 

Scenario 2 (middle-of-the-road)  0.000  0  0.000  466  474  0  1.00  1.00  1.00  0.00  
0.005  2  0.008  456  474  2  0.99  0.99  1.00  0.00  
0.010  4  0.015  443  474  4  0.99  0.98  1.00  0.00  
0.015  6  0.023  429  474  7  0.97  0.96  1.00  0.00  
0.020  8  0.030  412  474  8  0.92  0.89  1.00  0.00  
0.025  10  0.038  392  474  10  0.84  0.81  0.99  0.00  
0.030  12  0.045  369  474  11  0.75  0.70  0.98  0.00  
0.035  14  0.053  344  474  12  0.63  0.57  0.96  0.00  
0.040  16  0.060  316  474  13  0.51  0.43  0.90  0.00  
0.045  18  0.068  286  474  13  0.38  0.29  0.83  0.00  
0.050  20  0.075  255  474  13  0.26  0.19  0.74  0.00  
0.055  21  0.083  222  474  13  0.17  0.11  0.64  0.02  
0.060  23  0.090  190  474  12  0.10  0.06  0.52  0.06 

Scenario 3a (pessimistic density independent)  0.000  0  0.000  492  518  0  0.99  1.00  1.00  0.00  
0.005  2  0.008  463  518  2  0.91  0.95  1.00  0.00  
0.010  4  0.015  432  518  4  0.79  0.81  1.00  0.00  
0.015  6  0.023  400  518  6  0.67  0.70  1.00  0.00  
0.020  8  0.030  367  518  8  0.56  0.59  0.98  0.00  
0.025  10  0.038  332  518  9  0.46  0.48  0.90  0.00  
0.030  12  0.045  297  518  9  0.36  0.39  0.80  0.00  
0.035  14  0.053  262  518  10  0.25  0.29  0.69  0.00  
0.040  16  0.060  227  518  10  0.15  0.18  0.58  0.00  
0.045  18  0.068  192  518  9  0.07  0.08  0.48  0.01  
0.050  20  0.075  156  518  8  0.02  0.02  0.38  0.10  
0.055  21  0.083  122  518  7  0.01  0.00  0.28  0.23  
0.060  23  0.090  92  518  6  0.00  0.00  0.19  0.35 

Scenario 3b (pessimistic density dependent)  0.000  0  0.000  206  154  0  0.87  0.19  0.50  0.12  
0.005  2  0.008  199  154  1  0.85  0.19  0.48  0.15  
0.010  4  0.015  192  154  2  0.82  0.18  0.46  0.17  
0.015  6  0.023  187  154  3  0.79  0.18  0.45  0.20  
0.020  8  0.030  181  154  4  0.77  0.17  0.44  0.22  
0.025  10  0.038  176  154  5  0.75  0.16  0.43  0.24  
0.030  12  0.045  172  154  6  0.73  0.16  0.42  0.26  
0.035  14  0.053  167  154  7  0.71  0.16  0.41  0.27  
0.040  16  0.060  162  154  8  0.69  0.15  0.40  0.29  
0.045  18  0.068  158  154  9  0.68  0.14  0.40  0.30  
0.050  20  0.075  152  154  9  0.66  0.13  0.39  0.31  
0.055  21  0.083  146  154  10  0.63  0.11  0.38  0.33  
0.060  23  0.090  140  154  10  0.60  0.09  0.36  0.34  
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Pt=35
N>thresh = 1.0) and a negligible probability of extirpation (i.e., Pext =

0.00). 
For Scenario 3b, the posterior distribution of rmax had a mean of 0.08 

(95% CI = 0.05–0.11) and the posterior distribution of N/K at the start 
of population reconstruction had a mean of 0.73 (95% CI = 0.51–0.91). 
Forward projections started with Nt=1/Kt=1 = 0.82. Although retro
spective projections for Scenario 3b resembled those for Scenario 1, K 
was represented by a logistic function that started to decline rapidly in 
the mid-2000s. The estimated location of the logistic curve's midpoint 
was time step t = 24 (95% CI = 8–42) of forward projections and the 
estimated steepness parameter was − 0.22 (95% CI = − 0.40 to − 0.04), 
corresponding to a projected decline in K of approximately − 26% per 
decade during the period 2016–2049. Although a harvest strategy with 
h = 0.01 corresponded to Pt=35

N>MNPL = 0.82, it also resulted in Pext = 0.17 
(compared to Pext = 0.12 for Scenario 3b with no harvest; Table 1, 
Fig. 5). Extirpation would be inevitable for a subpopulation experi
encing such a rapid and unidirectional decline in K. Furthermore, any 

reduction in equilibrium subpopulation size due to harvest (i.e., such 
that N/K < 1) would lead to the quasi-extinction threshold being crossed 
sooner. 

4. Discussion 

We presented a quantitative harvest risk assessment for the SH polar 
bear subpopulation that incorporated the potential effects of sea-ice loss, 
the primary threat to polar bears throughout their range (PBRS, 2015; 
Atwood et al., 2016; Regehr et al., 2016). We considered alternative 
scenarios reflecting uncertainty in the subpopulation's status and 
response to environmental change. Results were a series of harvest 
strategies and their forecasted demographic outcomes. Our findings 
should be interpreted with caution given that continued warming could 
result in complex ecological interactions (e.g., between prey status and 
habitat availability; Stirling, 2002) and non-linear demographic re
sponses as critical thresholds are passed (Molnár et al., 2020). The risk of 
accelerating potential climate-related declines in polar bear abundance 
could be reduced through adherence to a state-dependent management 
framework and a conservative approach to harvest. 

5. Demographic model 

Early harvest risk assessments for polar bears used RISKMAN, a 
stochastic population modeling tool that includes age-specific vital rates 
and a multiyear reproductive cycle (Taylor et al., 2006b). RISKMAN 
does not allow for temporal trends in vital rates (e.g., due to habitat loss) 
or updates to harvest based on periodic population studies. To investi
gate interactions between habitat loss and human-caused removals, 
Regehr et al. (2017) proposed a matrix projection model that is based on 
the polar bear life cycle, includes density dependence, and links man
agement with research. We used a state-dependent management 
framework like Regehr et al., 2017 but with a simpler demographic 
model due to sparse data for the SH subpopulation. In contrast with the 
matrix model, the theta-logistic equation used here did not include sex 
or age structure, a mechanistic representation of reproduction and 
maternal care, or positive density dependence (i.e., Allee effects). 
Although Johnson et al. (2018) found that a theta-logistic population 
model performed similarly to an age-structured matrix model when 
evaluating sustainable harvest for taiga bean geese (Anser fabalis fabalis), 

Fig. 3. Scenario 1 population reconstruction: a sample of retrospective pro
jections for female polar bears, 1986–2016, using the theta-logistic equation. 
The thin black lines are individual stochastic projections. The thick black line is 
the mean value of projected subpopulation abundance. In the background, the 
dashed light-gray line is the mean environmental carrying capacity (K) and the 
light-gray polygon represents the 95% confidence intervals on K. The box plots 
show the median, first and third quartiles, and range of empirical estimates of 
female abundance from capture-recapture studies (Obbard et al., 2007) and 
aerial surveys (Obbard et al., 2015, 2018). 
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Fig. 4. Distributions of maximum intrinsic growth rate (rmax) for the southern 
Hudson Bay polar bear subpopulation. The solid line with gray shading is the 
posterior distribution of rmax that was estimated using population reconstruc
tion for Scenario 1. The dashed line is the prior for rmax derived using estimates 
of survival and reproduction from other polar bear subpopulations. The two 
dotted lines are empirical estimates of rmax for 1986 (right curve) and 2005 (left 
curve) based on vital rates estimated from capture-recapture studies. 
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pation (Pext). 
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it is possible that ignoring demographic autocorrelation (e.g., due to 
dependence between mothers and cubs) led to an underestimate of 
variance in our projections. The theta-logistic equation also did not 
include individual differences in reproductive value, harvest vulnera
bility, or energetic requirements. One ramification was that we could 
not evaluate sex-selective harvest, a widely applied management tool for 
polar bears (Taylor et al., 2008). A demographic assessment that con
siders population composition and selective removals would require up- 
to-date estimates of vital rates and their relationships with the envi
ronment, which can be obtained from studies that identify individual 
animals (e.g., physical or genetic capture-recapture; Lunn et al., 2016). 

The discrete version of the theta-logistic equation allowed nonlinear 
density dependence in population growth rate, which made it possible to 
focus on interactions between harvest and habitat loss, the dynamic of 
primary interest. Management Objective 1 (Pt=35

N>MNPL) was robust to 
values of the density-dependent parameter θ under a constant-rate 
harvest. The probabilities of meeting management objectives 2 and 3 
(Pt=35

N>0.9N1 and Pt=35
N>thresh, respectively) declined with θ because these ob

jectives were defined relative to static abundance thresholds, and lower 
values of θ were associated with lower values of MNPL, rMNPL, and 
equilibrium subpopulation size (Supporting File 5). At θ = 1, the theta- 
logistic equation reduces to the standard logistic model of density 
dependence with MNPL = 0.5K and rMNPL = 0.5rmax. If demographic 
behaviors of the SH subpopulation were characterized by a value of θ 
close to 1, the subpopulation would be less resilient and support lower 
harvest levels than indicated by our analyses. We suggest this is unlikely, 
however, given that population dynamics theory and empirical data for 
large mammals indicate that most density-dependent changes occur at 
high relative densities (i.e., as N/K → 1; Fowler, 1987; Wade, 1998; 
Sinclair, 2003) and MNPL for polar bears has been suggested to occur 
near 0.70 K (Regehr et al. 2017) and between 0.75 and 0.90 K (Derocher 
and Taylor, 1994). 

During forward projections to evaluate harvest, we assumed that 
polar bears could experience both density-dependent and density- 
independent effects because sea-ice loss has both spatial and temporal 
components (Stern and Laidre, 2016). Recent harvest risk assessments 
using matrix models have focused on the effects of a declining K (e.g., 
Regehr et al., In press), which is likely reasonable for subpopulations 
that are in the early stages of habitat loss and have scientific studies 
capable of detecting changes in rmax. For the SH subpopulation, we 
considered habitat-driven changes in both N and rmax because N may 
already be declining, and current research methods (aerial surveys) do 
not provide information on body condition, vital rates, or other factors 
that could signal a changing rmax. Investigating the mechanisms of 
population change due to habitat loss and exploring mechanistic links 
between K and rmax (e.g., using data for well-studied subpopulations 
such as WH [Lunn et al., 2016]) remain important areas of research. 

6. State-dependent management framework 

Our analyses assumed there will be a state-dependent harvest man
agement framework in place for the SH subpopulation that can respond 
to future changes in subpopulation status. This framework requires a 
coupled research-management system that can monitor harvest, obtain 
estimates of abundance every five years with similar precision to recent 
aerial surveys (Obbard et al., 2015, 2018), and use this information to 
update harvest levels. Such a management framework for SH bears is 
likely, based on the subpopulation's research history (Dyck et al., 2019) 
and the existence of a Southern Hudson Bay Polar Bear Advisory Com
mittee, which was established in 2018 to coordinate management 
among the responsible governmental and Indigenous organizations. If 
the conditions of such a framework are not met, lower harvest levels 
than suggested here would be necessary to mitigate risk. 

We evaluated harvest relative to three potential management ob
jectives but focused on Management Objective 1 (maintaining the 
equilibrium size of a harvested subpopulation above MNPL) because it is 

biologically meaningful and defined relative to a potentially changing K. 
Unlike Management Objective 2, which sought to maintain a historical 
level of abundance, Management Objective 1 can be used to balance 
opportunities for use with protecting population viability when the 
environment is changing (USFWS, 2016). Management Objective 3 
conveyed the probability that abundance would decline to the point 
where negative small-population effects could occur or emergency 
management measures might be warranted (with the caveat that the 
lower threshold of 175 females was a placeholder). Threshold harvest 
rules, under which harvest is curtailed or closed below a pre-specified 
abundance level, can be an effective conservation measure (Fuller 
et al., 2015). In the future, our modeling framework could be expanded 
to evaluate alternative management objectives (e.g., more permissive 
harvest around communities at certain times of the year, to address 
public safety concerns) and for cost-benefit analyses regarding how 
changes to the management interval or precision of population data 
affect harvest risk. 

7. Status of the SH polar bear subpopulation 

Assessing long-term trends in the SH subpopulation is complicated 
by differences in the design and geographic extent of research studies, 
statistical uncertainty in parameter estimates, incomplete harvest 
reporting in some jurisdictions, and lack of recent movement data to 
delineate in situ demographic changes from immigration and emigra
tion. There is evidence of a likely decline in this subpopulation from 943 
total bears (i.e., female and male) in 2012 (Obbard et al., 2015) to 780 in 
2016 (Obbard et al., 2018) based on aerial surveys with similar meth
odology. This appears consistent with habitat loss and documented de
clines in body condition (Obbard et al., 2016). When Hudson Bay is ice 
free in the summer and autumn, the SH and adjacent WH subpopulations 
are largely segregated (Peacock et al., 2010; Obbard et al., 2015). The 
WH subpopulation has experienced long-term declines in body condi
tion (Sciullo et al., 2016) and abundance (Regehr et al., 2007; Lunn 
et al., 2016). Similar to the SH subpopulation, aerial surveys suggest that 
WH subpopulation abundance declined between 2011 and 2016 (Sta
pleton et al., 2014; Dyck et al., 2017). Collectively, these findings sug
gest that the most recent abundance estimate for the SH subpopulation 
(Obbard et al., 2018) is the result of broader ecosystem change (Fer
guson et al., 2010) rather than emigration of bears to the north and west. 
In contrast to these interpretations, IK indicates that the SH subpopu
lation is stable or increasing, with general agreement that the number of 
bears currently observed by community members is the highest over the 
last five decades (Tonge and Pulfer, 2011; Laforest et al., 2018; NMRWB, 
2018). 

Our estimate of rmax = 0.10 for the 1980s is high compared to a mean 
unharvested growth rate of 0.05 (95% CI = 0.02–0.09) for 10 polar bear 
subpopulations reviewed by Regehr et al. (2017). If unbiased, this sug
gests that the SH subpopulation was capable of strong growth and could 
support a relatively high harvest in the 1980s. In contrast, rmax = 0.01 
for the 2000s is low. We suspect this estimate is influenced by negative 
bias in estimated survival probabilities (Obbard et al., 2007), which is 
common at the end of capture-recapture studies for mobile animals 
(Devineau et al., 2006). If rmax had been this low, the observed female 
harvest rate of approximately 0.05 would likely have caused large re
ductions in abundance. Nonetheless, it is possible that harvest was a 
factor in the apparent decline between 2012 and 2016. 

8. Sustainable harvest under climate change 

The optimistic Scenario 1 assumed that the status of the SH sub
population for the next 34 years will be like the past 30 years, that K will 
decline gradually in proportion to projected ice-covered days, that the 
decline in N between 2012 and 2016 either was a statistical anomaly or a 
transient phenomenon, and that continued ice loss will have only minor 

E.V. Regehr et al.                                                                                                                                                                                                                               



Biological Conservation 258 (2021) 109128

9

density-dependent effects. A starting harvest level of Ht=1 = 21 female 
bears/year met Management Objective 1 at the placeholder degree of 
risk tolerance (Table 1). This is close to the mean observed harvest for 
the period 1986–2016 (Supporting File 1), suggesting that our model 
reproduced plausible demographic behaviors for the SH subpopulation. 
Considering evidence for habitat loss (Stern and Laidre, 2016), 
ecosystem change (Ferguson et al., 2010), and apparent declines in 
abundance of the SH subpopulation (Obbard et al., 2015, 2018), Sce
nario 1 likely represents an overly optimistic basis for determining the 
demographic effects of harvest. 

Scenarios 3a and 3b represented pessimistic assumptions with 
different ramifications. Scenario 3a assumed that the SH subpopulation 
has experienced, or soon will experience, strong density-independent 
limitation, and that K and rmax will continue to decline. This scenario 
demonstrates the potential for severe overexploitation when capacity 
for growth is compromised (Table 1). Scenario 3b assumed that the SH 
subpopulation would maintain its capacity for growth, provided suffi
cient habitat, but that K would collapse due to sea-ice loss. Although a 
relatively high rmax allowed for a compensatory response to harvest (e. 
g., Pt=35

N>MNPL was insensitive to h compared to Scenario 3a; Table 1), even 
minor reductions in equilibrium subpopulation size due to harvest 
increased the probability of crossing the quasi-extinction threshold, thus 
increasing Pext. Under conditions like Scenario 3b, loss of 26% of K per 
decade would lead to extirpation within 50 years and the primary effect 
of harvest would be to hasten this outcome. 

We evaluated a wide range of harvest strategies, some of which may 
not be viable management options. To inform tradeoffs between pro
tection and use, it can be helpful to take a strategy that would be 
considered sustainable under one environmental scenario and evaluate 
it under a different scenario (Table 1). For example, h = 0.060 was 
unlikely to have undesired demographic effects under the optimistic 
Scenario 1. However, under the middle-of-the-road Scenario 2, this 
harvest rate would lead to a high probability of subpopulation abun
dance below MNPL (Pt=35

N>MNPL = 0.10), a moderate probability of 
depletion (Pt=35

N>thresh = 0.52), and a non-negligible probability of extir
pation (Pext = 0.06; Table 1). Under Scenarios 3a and 3b, this harvest 
rate was associated with even more negative outcomes. 

Considering the range of conditions explored, we suggest that Sce
nario 2 is a reasonable starting point for discussions about the de
mographic effects of harvest on SH polar bears. Scenario 2 represents a 
subpopulation with an average capacity for growth that experienced a 
9% decline in abundance from 2005 to 2016 (i.e., N2005 = 455 and N2016 
= 415 from population reconstruction) due to a combination of harvest 
and declining K. Over the next 34 years, K and rmax were projected to 
decline in proportion to changes in the annual number of ice-covered 
days. Scenario 2 was informed by harvest and demographic data for 
the SH subpopulation since 2005 (Obbard et al., 2007, 2015, 2018). 
Unlike the more optimistic Scenario 1, it did not represent a stable or 
increasing subpopulation as indicated by IK (Laforest et al., 2018). 
Nonetheless, Scenario 2 may be consistent with some aspects of IK, 
including recognition of climate change and—considering that pro
jected subpopulation declines were relatively gradual—the perception 
that polar bears can exhibit resilience to sea-ice loss (Tonge and Pulfer, 
2011; Laforest et al., 2018; NMRWB, 2018). Under Scenario 2, a mod
erate degree of risk tolerance with respect to Management Objective 1 
corresponded to h ≈ 0.02–0.03 and Ht=1 ≈ 8–12 female bears/year 

(Table 1). Assuming the SH subpopulation is 50% female, this would be 
equivalent to a total (i.e., female and male) harvest rate of approxi
mately 0.02–0.03 at a 1:1 male-to-female ratio in removals and a total 
harvest rate of approximately 0.03–0.045 at a 2:1 male-to-female ratio. 
For context, the historical standard harvest rate for polar bears, at a 2:1 
male-to-female ratio under stable environmental conditions, has been 
0.045 (Taylor et al., 1987). 

9. Conclusions 

The sustainable harvest of wildlife will be influenced by climate 
change and the mechanisms through which it affects population dy
namics. Using polar bears as an example, we present a harvest risk 
assessment that considers alternative scenarios for the demographic 
effects of climate-driven habitat loss. Our findings can be used to inform 
current management and develop quantitative biological hypotheses 
against which demographic and environmental data can be evaluated 
(Houlahan et al., 2017). For example, comparing future abundance es
timates to model-based projections could provide support for the as
sumptions of a particular environmental scenario. Given that the near- 
term effects of climate change on many wildlife populations are vari
able and incompletely understood (e.g., Deschamps et al., 2017), sto
chastic risk assessment and state-dependent harvest management will 
become increasingly important tools for those seeking to balance pop
ulation protection with continued opportunities for use. 
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Appendix 1. Behaviors of the theta-logistic equation 

Key behaviors of the theta-logistic equation can be demonstrated by growth and yield curves (Figs. A1 and A2, respectively). These curves were 
generated using rmax = 0.06, a reasonable value for polar bears (Regehr et al., 2017). At low densities, the observed growth rate is equal to the 
maximum intrinsic growth rate (rmax) because crowding and competition are at a minimum (Fig. A1). The observed growth rate remains high until 
abundance (N) starts to approach environmental carrying capacity (K), at which point growth declines rapidly until stability is reached at an equi
librium abundance N = K. This nonlinear density dependence results in an asymmetric yield curve for which maximum net productivity level (MNPL), 
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and thus maximum sustainable yield (MSY), occurs at approximately 0.70K (Fig. A2). The corresponding ratio rMNPL/rmax is approximately 0.83, 
suggesting relatively strong compensation for human-caused mortality. These demographic behaviors are broadly consistent with those resulting from 
a stage-structured matrix population model based on the polar bear life cycle (Regehr et al., 2017). It is important to use a biologically realistic model 
of density dependence when evaluating the combined effects of habitat change and human-caused removals (Williams, 2013). 

We evaluated harvest relative to three management objectives. We focused on Management Objective 1, which sought to maintain the equilibrium 
size of a harvested subpopulation above MNPL (Regehr et al., 2017, 2018). This keeps abundance on the right (i.e., conservative) side of the harvest 
yield curve (Fig. A2), which protects against overharvest while allowing the possibility for harvest levels to approach MSY (USFWS, 2016). Since 
MNPL is defined relative to a potentially changing K, Management Objective 1 accommodates environmental variation and therefore may be more 
useful than objectives with a static reference point (e.g., it does not seek to maintain a historical level of abundance, which may be impossible if habitat 
is declining, as is the case for all polar bear subpopulations [Stern and Laidre, 2016]). 
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Fig. A1. Example growth curve derived from a theta-logistic equation with the density-dependent shape parameter θ = 5.045 and maximum intrinsic growth rate 
rmax = 0.06. The x-axis is normalized abundance (N) such that environmental carrying capacity (K) occurs at N = 1. The y-axis is the observed growth rate (robs), 
which is equivalent to rmax at low densities and declines rapidly to 0 as N/K → 1. 

Fig. A2. Example yield curves derived from a theta-logistic equation with the density-dependent shape parameter θ = 5.045. The solid black line is an example 
baseline curve with environmental carrying capacity K = 1 and maximum intrinsic growth rate rmax = 0.06. The x-axis is normalized abundance (N) such that 
environmental carrying capacity occurs at N = 1 for the baseline curve. The y-axis is normalized yield such that maximum sustainable yield MSY = 1 for the baseline 
curve. The vertical dashed line represents maximum net productivity level (MNPL), the subpopulation abundance at which MSY is achieved for the baseline curve. 
The dotted line shows the yield curve if rmax was reduced to 0.03. The dashed line shows the yield curve if K was reduced to 0.5. The dot-dash line shows the yield 
curve if both rmax and K were reduced. 
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Appendix 2. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.biocon.2021.109128. 
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