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Using statistical population
reconstruction to estimate
the effect of pelt prices on
river otter abundance and
harvest vulnerability in Kentucky
Sergey S. Berg1* and Laura L. Palmer2

1Department of Computer and Data Sciences, University of St. Thomas, St. Paul, MN, United States,
2Kentucky Department of Fish and Wildlife Resources, Frankfort, KY, United States
Introduction: Accurately estimating the abundance, survival rates, and harvest

vulnerability of harvested populations of North American river otters (Lontra

canadensis) is essential for their effective management and conservation.

Monitoring these rates over time allows for more informed decision-making

regarding harvest regulations such as quotas, bag limits, and season lengths, and

can also be used to evaluate the impact of various anthropogenic stressors such

as rising pelt prices and increased trapper effort.

Methodology: We used age-at-harvest, catch-effort, and radio-telemetry data

to parameterize a second-stage statistical population reconstruction model with

both fixed and linear effects to estimate abundance and harvest vulnerability of

river otter in Kentucky, USA from 2012 to 2023. We then used this model to

investigate the effect that interannual fluctuations in pelt prices during this time

likely had on the population in terms of both harvest mortality and

overall abundance.

Results: Our results suggest that the measurable decline in overall abundance

from 2012 to 2016 was caused by higher pelt prices from 2012 to 2014, which

resulted in above-average harvest intensity during those three years. Our results

also suggest that although higher pelt prices resulted in more catch-effort, they

may have counterintuitively decreased the likelihood of a river otter being

harvested per additional unit of catch-effort, possible attributable to more

casual or inexperienced trappers shifting their focus to river otters to

maximize profits.

Discussion: Our findings illustrate the utility of using statistical population

reconstruction with linear effects to help management agencies better

understand the likely driving forces behind observed interannual fluctuations in

abundance, survival, and harvest vulnerability of river otters and other furbearer

species that are in high demand by the public.
KEYWORDS

abundance estimation, age-at-harvest data, catch-effort, harvest vulnerability,
population analysis, survival analysis, Lontra canadensis, furbearer pelt prices
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1 Introduction

The North American river otter (Lontra canadensis) is a

medium-sized semi-aquatic carnivore whose pre-European

distribution encompassed most major drainages in Canada and

the continental United States, all the way from Alaska to parts of

Texas and Florida, with large populations in the Great Lakes region

and glaciated areas of New England (Hall, 1981; Melquist and

Hornocker, 1983; Mason, 1990). However, unregulated hunting and

trapping combined with ongoing changes to riparian habitats

caused by anthropogenic disturbance resulted in river otters being

extirpated from many parts of their distribution in the early 1900s.

Widespread and highly successful reintroduction efforts have since

then allowed river otters to recover and reclaim much of their

historic range (Raesly, 2001; Bricker et al., 2022), to the point that

regulated harvest opportunities became available in many states,

including Kentucky, Ohio, Illinois, and Indiana (Ellington et al.,

2018; Rutter, 2018; Berg and Palmer, 2021; Berg, 2023). Monitoring

and regulating this harvest to ensure a sustainable population and to

prevent overharvest remains a key management focus for these and

other state wildlife management agencies.

In Kentucky, river otters likely occupied every major watershed

in the state before being extirpated from all but the most extreme

western portion in the Jackson Purchase Region by the 1950s

(Barbour and Davis, 1974; Cramer, 1995). From 1982 to 1983, the

Tennessee Valley Authority (TVA) and the Kentucky Department

of Fish and Wildlife Resources (KDFWR) conducted an

experimental restocking of river otters in the Land Between-the-

Lakes area of western Kentucky. High survival rates among the 11

released animals suggested that rivers otters were capable of

repopulating and expanding their range beyond the Jackson

Purchase Region (Cramer, 1995). This prompted a larger

restoration effort that released 355 river otters across 14 sites in

the central and eastern regions of the state from 1991 to 1994. In the

years since the reintroduction, sightings of river otters, reports of

damage to personal property and state fish hatcheries, and sign

surveys demonstrated that river otters were once again present in all

major watersheds in Kentucky (Barding et al., 2010; Barding, 2011).

This prompted the KDFWR to implement a restricted harvest

season (with a bag limit of five) in 2004 within the 13 counties

west of and including the main stem of the Tradewater River. The

harvest season was then expanded statewide (with a bag limit of six)

in 2006, followed by the establishment of two zones in 2010 and an

increase to a bag limit of ten otters in the western zone. Although

KDFWR has monitored the number, age structure, and spatial

distribution of harvested river otter over several years, a robust

estimate of their overall abundance and harvest vulnerability

throughout the state is still lacking. Such estimates are critical for

effective management because they allow for more informed

decision-making regarding harvest regulations such as quotas, bag

limits, season lengths, zones, and number of licenses.

Statistical population reconstruction (SPR) using integrated

population models (IPMs) provides a flexible framework for

estimating the abundance, harvest vulnerability, and non-harvest

survival of harvested wildlife populations by integrating age-at-
Frontiers in Mammal Science 02
harvest data with estimates of catch-effort and any available

auxiliary information from radio-telemetry, mark-recapture, and

aerial surveys (Gove et al., 2002; Skalski et al., 2007; Broms et al.,

2010; Gast et al., 2013a; Terhune et al., 2017). These models produce

reliable and cost-effective estimates of multiple demographic

parameters and their uncertainties through time and can be

implemented over the large spatial scales (e.g., states) at which

harvest management decisions are typically made (Clawson et al.,

2013; Berg et al., 2017, 2024). If sufficient data are available, they can

also incorporate fixed effects to provide separate harvest and

survival estimates for different ages and sexes (Broms et al., 2010;

Skalski et al., 2011), as well as random effects that allow for

interannual fluctuations in these estimates (Gast et al., 2013a, b).

These models have already been used to help estimate population

dynamics of river otter in Kentucky (Berg and Palmer, 2021) and

neighboring Ohio (Ellington et al., 2018) and Indiana (Berg, 2023),

as well as of other harvested furbearer species such as the American

marten (Skalski et al., 2011; Berg et al., 2017), fisher (Bellier et al.,

2024; Berg et al., 2025), and bobcat (Murphy et al., 2022; Berg

et al., 2024).

Although most SPR models assume that harvest vulnerability

and other demographic rates are constant over time, this approach

is unable to account for the interannual fluctuations that these

parameters undoubtedly experience due to various anthropogenic

and environmental factors (Gast, 2012, 2013a). For example,

fluctuations in non-harvest survival rates may occur because of

annual changes in environmental factors such as winter severity,

prey abundance, and disease prevalence. Similarly, we can expect

harvest mortality to vary from year to year not just because of

fluctuations in the number of trappers (i.e., catch-effort), but also in

response to changes in other anthropogenic factors such as pelt

prices, bag limits, and season lengths. To account for these and

other potential anthropogenic covariates, Gast 2002 recommended

incorporating linear effects directly into the model definition of

harvest mortality, thereby providing a mechanism with which to

separate the influence of a chosen covariate from interannual

fluctuations in catch-effort. This modeling framework was

recently used to demonstrate how decreasing season lengths in

Minnesota, as an anthropogenic factor, may have counterintuitively

increased the likelihood of a fisher being harvested per additional

unit of effort (Berg et al., 2025). These results, which were attributed

to trappers adjusting their strategy to maximize harvest during the

shortened periods, illustrated the utility of using SPR models with

linear effects to help management agencies better understand the

impact of various anthropogenic factors on the demographic trends

of harvested wildlife populations.

In this study, we use age-at-harvest and catch-effort data

collected in Kentucky alongside radio-telemetry data from nearby

states to parameterize an updated SPR model to estimate the

abundance and harvest vulnerability of river otters in Kentucky

from 2012 to 2023 and to explore how changes in fur prices during

these years likely impacted these demographic trends. Although

some of these data were already used in the earlier SPR model of

river otters in Kentucky (Berg and Palmer, 2021), we incorporated

five additional years of harvest and effort data and included more
frontiersin.org
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precise age-at-harvest data that separated harvested animals by age

rather than age-class (i.e., young-of-the-year, yearlings, and adults).

Further, this updated model employed a second-stage abundance

estimate procedure that, rather than estimating abundance directly

within the modeling framework, instead estimates abundance

outside the model by adjusting the observed harvest counts using

a Horvitz-Thompson type estimator (Gast, 2012). This second-

stage approach substantially reduces the number of parameters that

need to be directly estimated by the model and has been shown to

produce less biased estimates of overall abundance and more

optimal confidence interval coverage when compared to the one-

stage approach (Gast et al., 2013a, b). Because there were no

auxiliary data available for river otters specific to Kentucky, we

included radio-telemetry data on non-harvest survival of river otter

collected in neighboring Ohio and nearby Minnesota. Finally, we

incorporated linear effects into the model that allowed us to test

how interannual fluctuations in pelt prices both in Kentucky and

the greater United States likely influenced harvest vulnerability of

river otter over time.
2 Materials and methods

2.1 Study area

To demonstrate how SPR models with linear effects can be used

to evaluate the impact of various anthropogenic factors on harvest

vulnerability, we used data from a harvested population of river

otter in Kentucky, USA. During the course of our reconstruction,

this area was largely under private ownership (Morgan et al., 2019)

and comprised about 150,000 km of streams, 23 major reservoirs,

and over 200,000 farm ponds (Berg and Palmer, 2021). Kentucky’s

climate was moderate and humid, with temperatures that ranged

from an average low of 5 °C in January to an average high of 31 °C

in July, with an average annual precipitation of 120 cm (Runkle

et al., 2017). Although most of Kentucky was below 300 m above sea

level, the landscape varied greatly across the state, from forested

mountains and coalfields in the east to floodplain forests and

wetlands along the Mississippi River in the west (Jones, 2005).
,14

,

2.2 Available demographic data

From 2012 to 2023, the KDFWR recorded all river otter

harvested in Kentucky during the regulated harvest season, which

runs from mid-November until the end of February, and aged

harvested otter that were voluntarily submitted by trappers (mean

percentage aged annually = 15.7%, range = 7.5 – 21.6%) using

microscopic counts of cementum annuli (Table 1). KDFWR also

mailed a voluntary annual furbearer trapping survey to all

individuals who purchased a trapping license (mean response rate

= 30.3%, range = 19.5 – 39.8%), to estimate trap-nights as a measure

of annual catch-effort (Table 2).

To evaluate what effect pelt prices from the prior season had on

both catch-effort and vulnerability during this time, we also used fur
Frontiers in Mammal Science 03
buyer reports to estimate the average price of river otter pelts sold in

Kentucky from 2011 to 2022. Because of the low number of licensed

fur buyers and lack of data for some years (mean number sold

annually = 129.5, range = 0 – 354), we also used data on average

prices of pelts sold in neighboring Missouri and West Virginia.

Average annual pelt prices in these three states were highly

correlated (Pearson correlation coefficient, r = 0.83 – 0.89), so we

combined these three estimates into a single standardized measure

of pelt prices for this region of the United States (Table 2).

In addition to these age-at-harvest, catch-effort, and pelt price

data, we used information from radio-collared river otters with

known fates (i.e., right-censored) to help estimate model parameters

(Gove et al., 2002; Berg et al., 2017). However, because no such data

were available for river otters in Kentucky, we instead used

telemetry data that were collected from 2002 to 2004 in

neighboring Ohio (Ellington et al., 2018) and in nearby

Minnesota (Gorman et al., 2008) by their Departments of Natural

Resources (ODNR and MNDNR, respectively). Although harvest

rates undoubtedly varied between these different states and

Kentucky because of differences in quotas, number of licenses,

and season lengths, we assumed that non-harvest survival rates

would be similar across this region of North America. As such, we

only used these data to help estimate non-harvest survival and

excluded any animals that died because of harvest. We also

excluded any river otters that died within 14 days of capture, for

a total sample size of 53 unique animals across the two

states (Table 3).
2.3 SPR model

SPR models typically begin by considering the age-at-harvest

matrix h(Table 1) where each value of hij denotes the number of

animals that were harvested in year i (i = 1,…,Y) of age j

(j = 1,…,A). Each diagonal (e.g., h1,12, h2,13, and h3,14) in the

matrix represents a distinct cohort of animals that were born

during the same year, survived to recruitment, and were then

subjected to both harvest and non-harvest mortality during each

subsequent year. Using a second-stage estimation procedure, we

can use a series of probability mass functions (PFMs) to describe the

distribution of harvest counts in each of these diagonal cohorts as

being conditional on the total harvest of that cohort (Gast, 2012;

Gast et al., 2013a, b).

Under this framework, we can write the PMF for the diagonal

cohort that begins with 13-year-old animals harvested during the

first year (i.e., h1,13 and h2,14) as

PMF1,13 =
h1,13 + h2,14

h1,13, h2,14

 !
� P1,13

P1,13 + Q1,13S1,13P2,14

� �h1,13

� Q1,13S1,13P2,14
P1,13 + Q1,13S1,13P2,14

� �h2

where Pij is the probability of an animal being harvested, Qij is

the probability of an animal not being harvested (i.e., Qij = 1 − Pij),

and Sij is the probability of an animal that is not harvested surviving

until the onset of harvest the following year (Gast, 2012; Gast et al.,

2013a). Similarly, we can write the PMF for the next diagonal cohort

that begins with 12-year-old animals harvested during the first year
frontiersin.org
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(i.e., h1,12, h2,13, and h3,14) as

PMF1,12 =
h1,12 + h2,13 + h3,14

h1,12, h2,13, h3,14

 !

                                   � P1,12
P1,12+Q1,12S1,12P2,13+Q1,12S1,12Q2,13S2,13P3,14

� �h1,12
                                   � Q1,12S1,12P2,13

P1,12+Q1,12S1,12P2,13+Q1,12S1,12Q2,13S2,13P3,14

� �h2,13
                                   � Q1,12S1,12Q2,13S2,13P3,14

P1,12+Q1,12S1,12P2,13+Q1,12S1,12Q2,13S2,13P3,14

� �h3,14
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By defining similar PMFs for each of the other diagonal cohorts

in the age-at-harvest matrix, we can write the joint PFM for the

entire age-at-harvest matrix as

PMFAAH =
YY

i=1PMFi1 �
YA

j=2PMF1j :

The probability of harvest Pij and the probability of non-harvest

survival Sij in this function represent the parameters that

can be directly estimated by the model via maximum

likelihood estimation.
TABLE 1 Number of North American river otter that were harvested and successfully aged in Kentucky, USA from 2012 to 2023, as well as the total
number of harvested animals.

Year 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 Total

2012 20 53 14 6 7 2 4 1 1 1 2 0 0 0 1485

2013 32 33 20 14 7 3 1 6 3 0 0 0 0 0 1311

2014 81 75 20 11 16 9 2 3 1 2 2 0 0 0 1114

2015 33 42 19 10 5 2 0 2 2 2 1 0 0 0 683

2016 35 48 9 0 1 4 3 0 0 0 0 0 0 1 769

2017 23 69 16 8 3 2 4 1 0 4 0 0 0 0 862

2018 23 78 20 12 8 4 2 1 1 0 0 0 0 0 809

2019 50 77 17 17 6 7 4 5 2 2 1 0 0 0 983

2020 45 70 18 10 7 3 2 0 1 0 0 0 0 0 915

2021 19 55 22 19 6 3 1 2 0 0 0 1 0 0 963

2022 45 74 23 14 10 12 2 5 3 0 0 0 0 0 869

2023 36 66 23 23 10 7 3 3 2 0 0 1 0 0 1042
fronti
TABLE 2 Estimated catch-effort in terms of trap-nights (both unscaled and scaled to a mean of one prior to analysis) for North American river otter in
Kentucky, USA from 2012 to 2023, alongside corresponding pelt prices from the previous year (in USD) from Kentucky, Missouri, and West Virginia
(both unscaled and combined and scaled to a mean of zero prior to analysis).

Year
Catch-Effort Pelt Prices from the Previous Year

Unscaled Scaled Kentucky Missouri West Virginia Combined and Scaled

2012 283934.1 1.368 $40.24 $87.70 $59.80 1.172

2013 381118.3 1.837 $72.98 $85.53 $105.38 2.399

2014 267849.7 1.291 $56.41 $60.75 $45.06 0.889

2015 171819.7 0.828 $41.04 $34.97 $33.56 0.069

2016 204173.6 0.984 $20.00 $25.53 $20.90 -0.645

2017 187037.8 0.901 $27.03 $30.79 $31.89 -0.283

2018 156586.6 0.755 – $23.46 $20.18 -0.646

2019 122948.7 0.593 $34.79 $29.90 $26.56 -0.220

2020 153459.0 0.740 $14.58 $20.55 $14.62 -0.907

2021 142939.4 0.689 $15.14 $15.59 $26.25 -0.806

2022 141488.8 0.682 $17.17 $27.97 $14.29 -0.756

2023 276604.5 1.333 $29.96 $30.47 $29.32 -0.267
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However, rather than estimating the probability of harvest

directly, we instead modeled it as a function of the observed

annual catch-effort (Table 2) as

Pij = 1 − e−fiCj ,

where fi is the catch-effort in year i and Cj is the age-specific

harvest vulnerability coefficient that is to be estimated as a

parameter in place of the probability of harvest (Skalski et al.,

2007; Broms et al., 2010; Clawson et al., 2013). Similarly, we

modeled non-harvest survival as a function of the non-harvest

survival coefficient Bj, but assumed that it was constant through

time as

Sj =
eBj

1 + eBj
:

This formulations aids in the numerical fitting of SPRmodels by

bounding the non-harvest survival rate Sj within the interval from 0

to 1 (Gast, 2012).

To account for anthropogenic factors that may directly

influence mean harvest vulnerability (e.g., interannual fluctuations

in pelt prices), we incorporated a linear effect into the harvest

probability as

Pij = 1 − e−e
(Cj+L1zi )fi ,

where zi represents the value of the anthropogenic covariate in

year i and L1 is the corresponding linear regression parameter that

is estimated by the model (Gast, 2012).

Because not all harvested river otter were successfully aged, we

included an additional PMF to model the probability of aging a

harvested animal as a binomial process as

PMFAGE =
YY

i=1

xi

hi

 !
(Ri)

hi (1 − Ri)
xi−hi ,

where Ri is the probability of aging an animal in year i, xi is the

total number of animals harvested that year, and hi is the

corresponding total number that were successfully aged (Skalski

et al., 2011; Gast et al., 2013a). Combining this aging PMF with the

age-at-harvest PMF defined earlier, we can write the joint PMF as

PMF = PMFAAH � PMFAGE ,

where Cj, Bj, L1, and Ri again represent the parameters that can be

directly estimated by the model via maximum likelihood estimation.
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Unfortunately, age-at-harvest and catch-effort data alone are

often insufficient to uniquely and accurately estimate each of the

underlying model parameters (Gove et al., 2002; Skalski et al., 2007;

Clawson et al., 2013; Berg et al., 2024). As such, we used information

from radio-collared river otters with known fates from neighboring

Ohio and nearby Minnesota (Table 3) to help estimate non-harvest

survival rates. By assuming that the number of animals that die

from non-harvest sources each year follows a binomial distribution,

we can write the PMF for these data as

PMFTEL =
YY

i=1

YA

j=1

nij

vij

 !
(1 − Sj)

vij (Sj)
nij−vij ,

where vij represents the number of radio-collared animals that

died from causes other than harvest in year i of age j, and nij is the

corresponding number of collared animals at risk (Gove et al., 2002;

Broms et al., 2010; Berg et al., 2017).

Incorporating this telemetry PMF into the joint PMF defined

earlier, we can write the expanded joint PMF as

PMF = PMFAAH � PMFAGE � PMFTEL :

We then estimated the corresponding model parameters Cj, Bj,

L1, and Ri by numerically maximizing this joint objective function

given the observed values of hij, fi, zi, xi, vij, and nij. We used

Program R (R Core Team, 2022) to implement this joint objective

function and a combination of particle swarm optimization

(Kennedy and Eberhart, 1995) and the Broyden-Fletcher-

Goldfarb-Shanno algorithm (Shanno, 1970) to estimate model

parameters. We then calculated standard errors for each

parameter by using a numerical estimate of the inverse Hessian

(Fieberg et al., 2010; Skalski et al., 2012b; Berg et al., 2017).

Next, rather than estimating the abundance directly, we instead

used a Horvitz-Thompson type estimator to estimate the annual

pre-harvest abundance of each age by inflating the observed age-at-

harvest counts hij by the model-estimated harvest probability Pij as

Nij =
hij
Pij

where Nij is the number of animals that are alive immediately

before the onset of harvest in year i of age j (Gast et al., 2013a, b). We

then derived 95% confidence intervals for these abundance estimates

using Monte Carlo simulations. This second-stage approach to

estimating pre-harvest abundance results in an SPR model with

fewer parameters when compared to the single-stage approach that

estimates abundance directly as a model parameter (e.g., Gove et al.,

2002; Skalski et al., 2007; Broms et al., 2010). This requires less data for

proper parameterization, is more likely to provide unbiased estimates

of annual population abundance, and produces more optimal interval

coverage (Gast, 2012; Gast et al., 2013a, b; Berg et al., 2025).
2.4 SPR model of river otter in Kentucky

We examined four alternative models for the river otter

reconstruction, using Akaike’s Information Criterion (AIC;
TABLE 3 Radio-telemetry data on non-harvest mortalities vij and

associated at-risk counts nij for each year i for adult (j¼3þ) river otter in

Ohio and Minnesota, USA from 2002 to 2004.

Year
Ohio Minnesota

vi3+ ni3+ vi3+ ni3+

2002 1 6 0 2

2003 3 11 3 11

2004 2 11 1 13
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Burnham and Anderson, 2002) to determine whether fixed effects

are needed to provide separate harvest vulnerability and non-

harvest survival coefficients for young-of-the-year, yearlings, and

adults. We then used a Wald test to investigate if interannual

fluctuations in pelt prices from previous years had a significant

effect on river otter vulnerability to harvest (i.e., if the

corresponding linear effect was significantly different from zero).

Because our radio-telemetry data did not come directly from

Kentucky, we repeated this process with every possible

combination of available data from the nearby states to determine

how robust our results were to their inclusion or exclusion. All

resulting models and corresponding demographic parameter

estimates were also evaluated for biological realism prior to any

further analysis (Skalski et al., 2012a; Johnson et al., 2019; Berg

et al., 2024).
3 Results

Our best-fit reconstruction model included fixed effects for the

harvest vulnerability coefficient but not for the non-harvest survival

coefficient, indicating that although non-harvest survival of river

otter in the state did not differ by age, their vulnerability to harvest

did. Using this best-fit reconstruction model, we estimated that pre-

harvest river otter abundance experienced a steady decline from an

estimated 6120 (95% CI = 5196 – 7390) animals in 2012 to a low of

3917 (95% CI = 3338 – 4721) in 2016. This was followed by a rapid

increase to a high of 8357 (95% CI = 7409 – 9545) in 2019, and then

another decline back to 4312 (95% CI = 3791 – 4977) by 2023.

During this time, the total number of harvested animals varied from

a high of 1485 in 2012 to a low of 683 in 2015 (Figure 1). The next

best model (DAIC = 3.32) included additional fixed effects for the

non-harvest survival coefficient, produced similar relative trends in

population growth, and resulted in an overall abundance that was

only 3.7% lower than the best-fit model.

During these 12 years of reconstruction, we estimated mean

harvest vulnerability coefficients of C1= -1.836 (SE = 0.026), C2=

-0.939 (SE = 0.027), and C3= -1.812 (SE = 0.037) for young-of-the-

year, yearlings, and adults, respectively, which resulted in a higher

baseline harvest probability for yearlings than young-of-the-year

and older animals (0.324 versus 0.144 and 0.151, respectively).

Catch-effort during this time ranged from an estimated high of

381,118 trap-nights in 2013 to a low of 122,949 in 2019 and was

highly correlated with pelt prices from the previous season (Pearson

correlation coefficient, r = 0.87), which ranged in Kentucky from a

high of $72.98 in 2012 to a low of $14.58 in 2019. We found a

significant negative linear effect of increased pelt prices during these

years (L1= -0.055, SE = 0.013, Z = -4.23, p< 0.001), which, when

combined with annual changes in catch-effort, resulted in harvest

probability that ranged from 0.091 to 0.226, 0.209 to 0.467, and

0.093 to 0.231 for young-of-the-year, yearlings, and adults,

respectively. We also estimated a mean non-harvest survival

coefficient of 1.618 (SE = 0.044), which resulted in an annual

non-harvest survival rate of 0.835 that did not vary by age.
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Including or excluding different combinations of radio-

telemetry did not alter our choice of the best-fit model and

resulted in only minor differences to parameter and abundance

estimates, indicating that model results were robust to whether or

not these auxiliary data were included.
4 Discussion

4.1 Linear effects of pelt prices on catch-
effort, vulnerability, and mortality

Our results demonstrate the utility of incorporating linear effects

into SPR models of river otter and other harvested species of furbearers

to explore how various anthropogenic stressors directly impact harvest

vulnerability and mortality, as well as the corresponding trends in

overall abundance. As expected, pelt prices from the previous year were

strongly and positively correlated with the number of trap nights that

trappers devoted to harvesting river otter in Kentucky, indicating that

higher pelt prices increased interest among trappers for this furbearer

during the following year. This finding supports the previous use of pelt

prices as an index of trapper effort (e.g., Ellington et al., 2018) and

suggests that management agencies may be able to use pelt prices from

the current year to predict the likely amount of catch-effort that river

otters will be subjected to during the following year. This information

could then be used to make any necessary adjustments to harvest

regulations (e.g., quotas, bag limits, season lengths, and number of

licenses) ahead of the start of the next harvest season if there are

concerns regarding, for example, above-average effort negatively

impacting an already declining population.

Although our results indicate that pelt prices had a strong and

positive effect on the amount of effort that trappers devoted to

harvesting river otters, it is important to recognize that other

anthropogenic factors (e.g., quotas, bag limits, season lengths, and

number of licenses) may also have played a role. For example, even

though neither season length (range = 105–111 days) nor bag limits (10

otters per person) changed substantially from 2012 to 2023, the

number of trapping licenses sold did vary from a low of 2403 in

2016 to a high of 3635 in 2023. Although these licenses weren’t

exclusively for harvesting river otters, a higher number of licensed

trappers could have resulted in a higher number of trap nights devoted

to river otter. Similarly, increased awareness of river otter as a valuable

furbearer or of the damage they can cause to personal property and

state fish hatcheries may have encouraged more licensed trappers to

focus on this furbearer during some years, thereby also increasing trap

nights. Finally, we acknowledge that there may have also been changes

in harvest effort that are not captured by trap nights, including pre-

baiting of trap sites before the start of the season (Berg et al., 2025) or

the use of different types of traps or trapping techniques. As such, we

encourage future research to explore a wider range of anthropogenic

factors and to quantify their likely effects on harvest effort.

Our SPR model also suggests that although higher pelt prices

resulted in more catch-effort during the following year, the

likelihood of a river otter being harvested per additional unit of
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effort actually decreased at the same time. For example, when

average pelt prices in Kentucky increased almost two-fold in 2012

from $40.24 to $72.98, catch-effort during the following year

increased from 283,934 to 381,118 trap nights. The harvest

vulnerability, however, which converts hunter effort into a harvest

probability, counterintuitively decreased that year from -1.876 to

-1.944, -1.003 to -1.071, and -1.900 to -1.968 for young-of the-year,

yearlings, and adults, respectively. We suggest that this may have

been caused by higher pelt prices encouraging more casual or

inexperienced trappers, who otherwise harvest other furbearers, to

shift their focus more to river otter during the following year.

Although this would lead to a higher number of trappers and, by

extension, a higher number of trap nights, it could result in an effort

pool of trappers who, on average, are less effective at trapping river

otters. When pelt prices began to fall, on the other hand, this may

have discouraged participation by these more casual trappers,

thereby leading to an effort pool that was mostly comprised of

dedicated trappers who were more effective at trapping river otters

per unit of effort. It is important to note, however, that although this

effect was consistent and significant within our SPR model, its

magnitude was much smaller than that of the corresponding

increase in catch-effort. This would suggest that higher pelt prices

will still result in higher harvest rates, even if at a slightly less-than-

proportional amount.
4.2 Age-specific trends in harvest and non-
harvest mortality

Although our SPR model estimated three separate harvest

vulnerability coefficients for young-of-the-year, yearling, and
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adult river otter, it is important to note that the estimates for

young-of-the-year and adults were almost identical and that most of

the differences were due to the much higher vulnerability

experienced by yearlings. This finding is consistent with the

results of the SPR model of river otter in Indiana, which also

found a significantly higher vulnerability for yearlings (Berg, 2023)

and is also reflective of our age-at-harvest data, where the number

of yearlings harvested each year often exceeded the corresponding

combined number of older animals. We suggest that this

heightened vulnerability was likely caused by the increased

movements commonly observed during this age as river otters

disperse from their natal range or expand their home range beyond

their natal range boundaries (Melquist and Hornocker, 1983;

Blundell et al., 2002). These higher and more expansive

movement rates could increase the rate at which dispersing river

otter encounter traps, thereby producing the higher harvest

vulnerability suggested by our model. Other potentially additive

reasons for this higher vulnerability among yearlings include higher

nutritional demands, less suspicion of novel objects, and a recent

release from parental protection, all of which could increase their

likelihood of encountering a trap. Regardless of the exact reason,

this result suggests that any changes in harvest pressure (e.g.,

through increased pelt prices or adjustments to harvest

regulations) are likely to have a larger effect on these younger

river otters that are critical to maintaining a stable population.

Because yearlings represent the future reproductive segment of the

population, disproportionate harvest of these individuals can

depress future reproductive potential and thereby hinder

population replacement rates.

Our SPR model also estimated a single non-harvest survival

coefficient that did not differ by age and corresponded to an annual
FIGURE 1

Estimated pre-harvest abundance of North American river otter in Kentucky, USA from 2012 to 2023 based on the best available reconstruction
model (solid line), along with associated confidence intervals (shaded areas), number of animals harvested each year (vertical bars), and mean pelt
prices from the previous year (scaled to a mean of zero; dotted line).
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non-harvest survival rate of 0.835. This value is consistent with

estimates of non-harvest survival rates of river otter in other nearby

states (range = 0.76 – 0.89; Gorman et al., 2008; Ellington et al., 2018;

Berg, 2023), supporting our original assumption that non-harvest

survival of river otter likely does not differ substantially throughout

this region of North America. It is important to note, however, that

our model did not include the decreased survival due to senescence

included in the SPR model of river otter in Ohio, which began when

river otters reached the age of 12 (Ellington et al., 2018). As more age-

at-harvest and other data continue to be collected in Kentucky and

other nearby states, a more detailed assessment of how survival

declines as river otters approach senescence could yield additional

insights into their population dynamics.
4.3 Temporal trends in overall statewide
abundance

Inflating the number of animals harvested each year by the

model-derived age-specific harvest probabilities indicated that the

river otter population in Kentucky experienced a steady decline in

pre-harvest abundance during the first half of our reconstruction

from an estimated high of just over 6000 animals in 2012 to a low of

just under 4000 in 2016. These years of decrease coincided with the

three highest harvest counts observed during the entire 12 years of

reconstruction, suggesting that above-average harvest intensity

(particularly from 2012 to 2014) may have been responsible for

the observed decline. As the number of river otters harvested was

cut in half by 2016, the population was able to recover to a pre-

harvest high of over 8000 by 2019. However, that year also saw a

return to above-average harvest counts, which likely led to the

population decline that began the following year and continued

until reaching a low of just under 4500 by 2023. We recommend

that management agencies continue to update this SPR model as

new years of age-at-harvest and catch-effort data become available

to ensure that the most recent decline in abundance does not

continue. Further, given the high degree of correlation between pelt

prices and the following year’s catch-effort, we recommend that

agencies explore preemptively adjusting harvest regulations (i.e.,

quotas, season lengths, and number of licenses) following years of

unusually high demand for river otter pelts.

The relative trends in these estimates of abundance compare

favorably to those derived by the earlier SPR model of river otters in

Kentucky (Berg and Palmer, 2021), which only reconstructed

abundance from 2012 to 2018. This earlier model also suggested

that river otter abundance decreased steadily during the first few

years of reconstruction, again likely due to the above-average

harvest counts observed during those years, before rebounding

somewhat as the harvest counts decreased. Our updated model,

however, suggests that absolute (not relative) abundance during

these years may have been much lower than originally estimated.

For example, our current model estimated a pre-harvest abundance

of just over 6000 animals in 2012, compared to the approximately

22000 estimated by the earlier model – a difference of almost 250%.

Such a large difference drastically changes any conclusions
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regarding the rate at which river otters were removed from this

population via harvest, which can in turn severely impact

management decisions regarding quotas and other harvest

regulations. Fortunately, KDFWR has maintained a very

conservative approach to harvest regulations since the river otter

season was reopened in 2004 and did not make any adjustments to

bag limits or season lengths based on these earlier overestimates,

instead choosing to wait until additional years of data

became available.

These new estimates of river otter abundance in Kentucky do

compare favorably with estimates derived from SPR models

developed in both Ohio and Indiana, two states that neighbor

Kentucky and that experienced similar historic trends in

overharvesting, season closure, reintroduction, and the eventual

reinstatement of otter harvesting. Ellington et al. (2018), for

example, estimated pre-harvest abundances in Ohio ranged from

4000 and 6000 animals from 2006 to 2008, just two to four years

after restricted and limited harvest began in 2005. Similarly,

estimates in Indiana ranged from approximately 6500 in 2015

when river otter harvest was first reinstated to just over 8000

animals six years later in 2020 (Berg, 2023). By comparison, our

estimate of just over 6000 animals in 2012 occurred eight years after

river otter harvest in Kentucky was reinitiated in 2004, reinforcing

our conclusion that this updated SPR model provides a more robust

and accurate estimate of absolute river otter abundance across

the state.

We suggest three potentially additive reasons for why the original

SPRmodel severely overestimated the absolute abundance of river otters

in the state. First, the original model was based on only seven years of

data compared to the 12 years of data used in the updated model.

Previous studies have consistently shown that the duration of available

age-at-harvest and catch-effort data has a significant effect on the

precision of reconstruction estimates (Laake, 1992; Gast, 2012; Berg

et al., 2024), which suggests that the original seven years of data may not

have been sufficient to accurately reconstruct trends in absolute

abundance. Further, the variability in the catch-effort data available

for the original reconstruction was minimal, with only a two-and-half-

fold difference between years of highest and lowest effort. Given previous

cautions against using SPR models when catch-effort data are relatively

constant over time (Laake, 1992; Skalski et al., 2007; Clawson et al.,

2013), cautions that were later confirmed by simulation studies (Berg

et al., 2024), this lack of variability likely compounded the issues caused

by the few years of data. Finally, the original model was based on a

single-stage approach where abundance was estimated as a parameter

directly within the modeling framework, whereas the updated model

uses a second-stage estimation procedure. This approach, which instead

produces a Horvitz-Thompson estimate of abundance by inflating the

observed harvest counts by the model-derived estimates of harvest

probability, has been shown to significantly improve model accuracy

and precision (Gast et al., 2013a, b). These findings further reinforce

previous recommendations that management agencies carefully

evaluate all relevant aspects of the available data, as well as the

specific means with which they are integrated into the SPR model,

before using the results of these models to aid in setting harvest

regulations and other management decisions.
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4.4 Model limitations and future directions

One overall caution is that using age-at-harvest data where not

every animal is successfully aged assumes that the corresponding

age distribution is representative of the entire population of

harvested animals. This assumption is less critical for states like

Indiana, where mandatory submission of harvested river otters by

trappers resulted in an average of 98% of all harvested animals being

successfully aged every year (range = 94 – 100%; Berg, 2023).

Kentucky, on the other hand, relied on voluntary submission of

teeth by trappers, which not only resulted in relatively lower

proportions of harvested animals being successfully aged (mean =

16%, range = 7 – 22%), but may also have skewed the resulting age

distribution if trappers were less likely to submit a particular age

class over another. Given that previous research has identified

accurately estimating the harvest age distribution as a critical

consideration of accurately estimating furbearer abundance

(Murphy et al., 2022), we recommend increasing the proportion

of harvested animals that are aged each year through increased

trapper outreach, education, and incentives.

Another important consideration that may limit the reliability

of our results is that there were no radio-telemetry data available on

river otter in Kentucky to help estimate either harvest vulnerability

or non-harvest survival coefficients. Previous studies have

consistently demonstrated that including such data, however

limited they may be, can significantly improve both the accuracy

and precision of SPR models (Clawson et al., 2013; Berg et al., 2017,

2024). Given these potential improvements, we incorporated radio-

telemetry data on river otter that were collected in nearby states, but

only to help estimate non-harvest survival. Because harvest rates

and regulations undoubtedly differed between these states, we did

not use any radio-telemetry data from other states to help estimate

harvest vulnerability. Simulation studies conducted by Berg et al.

(2017), however, indicated that most of the improvements from

telemetry data actually comes from incorporating information on

harvest rather than non-harvest mortality. As such, collecting such

data in the future could greatly improve the performance of these

SPR models and provide a clearer and more complete picture of

river otter vulnerability throughout the state.

This lack of available radio-telemetry data on both harvest and

non-harvest mortality also prevented us from incorporating

random effects into our SPR model that would have allowed for

the natural fluctuations that these parameters undoubtedly

experienced from year to year (Gast, 2012; Gast et al., 2013a). For

example, even if non-harvest survival did not differ by age from

2012 to 2023, it likely differed from year to year because of annual

changes in weather, prey abundance, or other external

environmental factors. Having additional auxiliary data to help

estimate these natural interannual fluctuations in parameter values

would not only improve our understanding of river otter mortality

throughout the state, but could also help confirm if the observed

differences in harvest vulnerability were truly due to changes in pelt

prices or if they could be explained by other factors.

Despite these limitations, we believe that this updated SPR model

provides a robust and more accurate estimate of river otter
Frontiers in Mammal Science 09
abundance, harvest vulnerability, and non-harvest survival

throughout Kentucky. In addition to confirming that higher pelt

prices from previous years are a good indicator of increased catch-

effort and, by extension, harvest counts, our model suggested that

some of this increase will be offset by the lower harvest vulnerability

caused by less experienced trappers switching to river otters.

Accurately estimating and identifying the driving forces behind

these interannual trends in harvest mortality and other

demographic parameters remains critical for ensuring effective

management of river otter throughout North America. As such, we

continue to encourage management agencies to explore using SPR

models, whether with fixed, linear, or random effects, to provide

robust estimates of these parameters and to better understand the role

that anthropogenic stressors such as pelt prices can have on furbearer

populations that are in high demand by the public.
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