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ABSTRACT 

 

Species recovery can be influenced by a wide variety of factors, such that predicting the 

spatiotemporal dynamics of recovering species can be exceedingly difficult. These predictions, 

however, are valuable for decision makers tasked with managing species and determining their 

legal status. We applied a novel spatially explicit projection model to estimate population 

viability of gray wolves (Canis lupus) from 2021-2070 in Washington State, USA, where wolves 

have been naturally recolonizing since the establishment of the first resident pack in 2008. Using 

this model, we predicted the effects of 12 scenarios of interest relating to management actions 

(e.g., lethal removals, translocation, harvest) and system uncertainties (e.g., immigration from 

out of state, disease) on the probability of meeting Washington’s wolf recovery goals, along with 

other metrics related to population status. Population recovery was defined under Washington’s 

Wolf Conservation and Management Plan as four breeding pairs in each of three recovery 

regions and three additional breeding pairs anywhere in the state. Most scenarios indicated a high 

probability of wolf recovery in Washington over the next 50 years, but scenarios related to 

harvest mortality (removal of 5% of the population every six months), increased lethal removals 

(removal of 30% of the population every four years), and cessation of immigration from out of 

state resulted in low probabilities (0.11, 0.18, and 0.27, respectively) of meeting recovery goals 

across all years (2021-2070). However, while recovery goals were not predicted to be met in 

those scenarios, all 12 management scenarios exhibited a geometric mean of population growth 

that was ≥1, indicating long-term population stability or growth, depending on the scenario. Our 

results suggest that wolves will continue to recolonize Washington and that recovery goals will 

be met so long as harvest and lethal removals are not at unsustainable levels and adjacent 

populations support immigration into Washington. 
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INTRODUCTION 

 

The spatiotemporal dynamics of recovering species are challenging to predict. This 

challenge is compounded by the variety and complexity of factors that may influence recovering 

species. Factors with uncertain effects may influence habitat, including land use change (Lawler 

et al. 2002) and altered climate regimes (Abrahms et al. 2022), while others may affect 

demography directly, including interspecific competition (Elbroch et al. 2015), disease (Rhodes 

et al. 2011, Gordon et al. 2015), and changing rates of immigration or emigration (Lieury et al. 

2016, Grauer et al. 2019). Management actions themselves can also be sources of uncertainty, as 

their effects on abundance and vital rates can be challenging to predict (Saunders et al. 2018). 

Despite the challenges of predicting spatiotemporal dynamics of recovering species, this 

information is often required to manage populations and to determine their legal status (e.g., 

Smith et al. 2018).  

Gray wolves (Canis lupus), after more than a century of widespread eradication efforts 

(Mech 1970), have now returned to a large and growing part of their historical range in the upper 

Midwest, northern Rocky Mountains, and increasingly in the Pacific Northwest (Mech 1995, 

Maletzke et al. 2016, Jimenez et al. 2017). Much has been learned about the ecological factors 

influencing recovering wolf populations, such as high survival rates (Hayes and Harestad 2000, 

Smith et al. 2010), high reproductive rates (Mech 1995), immigration via long-distance dispersal 

(Mech 1995, Hayes and Harestad 2000, Vilà et al. 2003, Maletzke et al. 2016), and presence of 

large core habitat areas (Smith et al. 2010). However, wolf populations are also susceptible to 

human-caused mortality and disease (e.g., canine parvovirus and distemper), which can impact 

survival rates, dispersal rates, and thus also impact populations (Mech et al. 2008, Smith et al. 

2010, Nelson et al. 2012). Habitat fragmentation and barriers to dispersal can also cause 

population declines and hinder recovery (Geffen et al. 2004, Stronen et al. 2012).    

A variety of management actions have been applied to manage wolf populations 

throughout their range, both to aid in their recovery and to limit their population sizes. 

Reintroduction, the translocation of a species into a portion of its historical range from which it 

has been extirpated (Armstrong and Seddon 2008), was used to return wolves to the Greater 

Yellowstone Ecosystem and central Idaho (Bangs and Fritts 1996) and is now being planned in 

the state of Colorado (Ditmer et al. 2022). By contrast, other management tools have been 

applied to reduce wolf numbers and to manage human-wolf conflict, including recreational 

harvest (Creel et al. 2015) and lethal removals for livestock and ungulate predation concerns 

(Bangs et al. 2006, DeCesare et al. 2018). In any recovering carnivore population, there are 

likely to be potentially conflicting management objectives, including both supporting 

recolonization of former habitat and minimizing negative impacts to human livelihoods and other 

social values.  

The gray wolf is a state-endangered species in Washington State, USA, and as of 

December 2022 was federally listed under the Endangered Species Act in the western two-thirds 

of the state. Washington’s wolf recovery plan identifies recovery criteria, which specify four 

breeding pairs in each of the three recovery regions – Eastern Washington, Northern Cascades, 

and Southern Cascades and Northwest Coast – with three additional breeding pairs anywhere in 

the state (Wiles et al. 2011) to begin the process for delisting. To date, recovery goals had been 

met in the first two recovery regions but there were no breeding pairs in the Southern Cascades 

and Northwest Coast. Maletzke et al. (2016) implemented a projection model and predicted that, 

with immigration from British Columbia and Idaho, recovery goals were likely to be met by 
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2021; however, their model may have overpredicted demographic and pack size parameters, as 

they only had access to data from wolf populations in nearby states (Idaho, Montana, and 

Wyoming) and made simplifying assumptions about Washington wolf dynamics based on those 

data. Their work highlights the importance of capturing wolf population dynamics that are 

specific to Washington, including mechanisms of dispersal. The status of wolves in Washington, 

along with the potential for increasing human-wildlife conflicts, has created a high priority need 

for predicting the spatiotemporal dynamics of Washington’s wolf population under a suite of 

possible future scenarios. 

We applied a novel spatially explicit projection model described in Petracca et al. (2023) 

to conduct a population viability analysis (Morris and Doak 2002) for wolves in Washington 

State. We considered 12 different scenarios that were established in collaboration with the 

Washington Department of Fish and Wildlife to examine the recovery status of wolves given 

different management actions (translocation, harvest, lethal removal) and other factors (out-of-

state immigration, disease). For each scenario, we predicted wolf population dynamics from 

2021-2070 and quantified metrics related to wolf population status, including the probability of 

meeting recovery criteria. Our approach allowed us to propagate both demographic and 

structural uncertainty into our 50-year forecasts of wolf population dynamics. Capturing this 

uncertainty is an important step when forecasting how management actions may influence 

management outcomes in order to assist managers making decisions under uncertainty (Runge 

and Converse 2020). 

 

METHODS 

 

Study area 

 

Washington State is located on the northwestern coast of the United States, bordered by 

British Columbia, Canada to the north, Idaho to the east, and Oregon to the south. There are 

three recovery regions in Washington’s Wolf Conservation and Management Plan: Eastern 

Washington, the Northern Cascades, and the Southern Cascades and Northwest Coast (Wiles et 

al. 2011). There are currently (as of December 2022) wolf packs in the former two but not the 

latter recovery region (Figure 1). 
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Figure 1. Thirty-eight uniquely named packs and the three wolf recovery regions in Washington 

State during the data collection period (2009-2020). These 38 named packs correspond to 

34 pack territories occupied during annual surveys conducted in winter each year. Some 

pack names changed for the same territory due to the pack naturally dissolving or lethal 

removals due to livestock depredations. Packs represented by circles are those that were 

known to exist but for which individual movement data from Global Positioning System 

collars were not available. 

 

 

Projection model 

 

Petracca et al. (2023) describes a spatially explicit projection model that combines (1) an 

integrated population model for demographic estimation and (2) an individual-based model for 

projecting movement and recolonization of wolves across a landscape of hypothetical pack 

territories in Washington. The habitat suitability of each hypothetical pack territory was 

determined based on a resource selection function. We used multiple data sources to estimate 

parameters of the model, including movement and demographic data from Global Positioning 

System (GPS) collars placed on 74 individual wolves by the Washington Department of Fish and 

Wildlife (WDFW) from 2009 to 2020, along with pack counts for these years (Petracca et al. 

2023). The data represented 38 packs in Washington, where a “pack” is defined as two or more 

wolves traveling together in winter. Here, we used the same model structure along with empirical 

estimates of model parameters in our population projections. While Petracca et al. (2023) 

considers two different models for selection of new territories by dispersing wolves, here we 
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used the “RSF Categorical” approach, in which wolves selected territories based on the quality 

of habitat available in all potential new territories at a given distance from the origin territory.   

We used estimates of reproduction and movement rates from the estimation model in 

Petracca et al. (2023), while the projected survival in each six-month period t was sampled from 

a normal hyper-distribution with hyper-parameters estimated on a logit scale, and then 

transformed to the probability scale:  

 

𝜑. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾 =  𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑙𝑜𝑔𝑖𝑡(𝑁𝑜𝑟𝑚𝑎𝑙(𝜇𝑔

𝐾, 𝜎𝑝𝑒𝑟𝑖𝑜𝑑)), (Eq. 1) 

 

where 𝜇𝑔
𝐾 was the logit-scale mean six-month survival probability of animals in age group g 

(juvenile, adult) and movement state K (resident, mover), and 𝜎𝑝𝑒𝑟𝑖𝑜𝑑 was the logit-scale 

standard deviation for the random effect of six-month period, both estimated over the data 

collection period. Baseline parameter values for removal rate, out-of-state immigration rate, 

reproduction rate, movement rate, and survival, estimated in Petracca et al. (2023), are provided 

in Table 1.  

 

 

Table 1. Baseline mean and 95% credible intervals for out-of-state immigration rate, 

reproduction rate, movement rate, and survival, as estimated in Petracca et al. (2023). 

Lethal removal rate was calculated directly from state agency records.  

 

Description Mean (95% Credible 

Interval, if applicable) 

Out of state immigration rate, i.e., # of new immigrants 

per occupied territory in 6-mo period 

0.11 (0.01 - 0.28) 

Prob of a territory with 2+ wolves having 0 6-mo-olds 0.50 (0.38 - 0.62) 

                                                             …1 6-mo-olds 0.07 (0.02 - 0.16) 

                                                             …2 6-mo-olds 0.14 (0.06 - 0.25) 

                                                             …3 6-mo-olds 0.17 (0.09 - 0.26) 

                                                             …4 6-mo-olds 0.08 (0.03 - 0.15) 

                                                             …5 6-mo-olds 0.02 (0.00 - 0.06) 

                                                             …6 6-mo-olds 0.02 (0.00 - 0.05) 

Prob of initiating movement for residents 12-24 mos 0.38 (0.25 - 0.52) 

Prob of initiating movement for residents ≥24 mos 0.06 (0.03 - 0.10) 

Prob of continuing movement for movers 12-24 mos 0.33 (0.26 - 0.42) 

Prob of continuing movement for movers ≥24 mos 0.43 (0.35 – 0.51) 

Prob of mover wolf staying within WA State 0.75 (0.64 - 0.85) 

6-mo survival of residents 6-24-mo-olds (see Eq 1) 0.98 (0.91 - 1.00) 

6-mo survival of residents ≥24 mos (see Eq 1) 0.94 (0.89 - 0.98) 

6-mo survival of movers 12-24 mo-old (see Eq 1) 0.84 (0.46 - 1.00) 

6-mo survival of movers ≥24 mos (see Eq 1) 0.98 (0.92 - 1.00) 

Annual lethal removal rate  0.04 
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Population viability analysis and management scenarios 

 

For the projection period (2021-2070), we applied the baseline scenario as in Petracca et 

al. (2023) and added 11 additional scenarios. All scenarios began with estimated wolf abundance 

from December 2020 (median of 172, 95% prediction interval [154-191]), the last year for which 

we had data. Scenarios were identified in collaboration with the Washington Department of Fish 

and Wildlife (Table 2). For each scenario, we predicted spatially referenced abundance and 

summarized these predictions to calculate population growth rate, the probability of meeting 

recovery objectives, quasi-extinction probability, and extinction probability.  
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Table 2. Summary of 12 scenarios used to project the gray wolf population of Washington State 

from 2021-2070 using the spatially explicit projection model described in Petracca et al. 

(2023). Scenario numbers with (*) were the focus of the main text, with all other scenario 

results presented in the Appendix. Scenarios were either a target for management 

(“Management”) or a consideration of system uncertainty (“Uncertainty”).   

 

Scenario 

Number 

Scenario Name Scenario 

Class 

Description Simulated 

Timing 

1* Baseline --- Status quo --- 

2* Translocation MSH Management Translocation of eight individuals 

from two packs to two sites in 

Mt. St. Helens Elk Herd Area 

Fall 2025 

3 Translocation 

Olympic 

Management Translocation of eight individuals 

from two packs to two sites in 

Olympic Peninsula 

Fall 2025 

4* Increased removals Management Removal of 30% of the 

population every four years (all 

of Washington State) 

2023 onwards 

5 Increased removals 

E Wash 

Management Removal of 30% of the 

population every four years 

(Eastern Washington only) 

2023 onwards 

6* Harvest 2.5%  Management Removal of 2.5% of population 

every six months 

2025 onwards 

7* Harvest 5%  Management Removal of 5% of population 

every six months 

2025 onwards 

8*  50% immigration Uncertainty Number of wolves entering from 

out of state is reduced by 50% 

2023 onwards 

9* No immigration Uncertainty No wolves entering from out of 

state 

2023 onwards 

10 Disease 25%  Uncertainty Removal of 25% of the 

population in two six-month 

periods 

Randomly, but 

for two 

consecutive six-

month periods 

11 Disease 50%  Uncertainty Removal of 50% of the 

population in two six-month 

periods 

Randomly, but 

for two 

consecutive six-

month periods 

12* Disease 75%  Uncertainty Removal of 75% of the 

population in two six-month 

periods 

Randomly, but 

for two 

consecutive six-

month periods 
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Baseline 

 

In scenario 1 (“Baseline”) we simulated all relevant factors, as described below, at levels 

observed in the data collection period (2009-2020). We assumed maintenance of lethal removals 

(wolf removals by the state agency in response to livestock depredations [WDFW 2020]) at the 

mean annual rate from 2009-2020 (3.5%), with removals applied to the Eastern Washington 

recovery area only. Eastern Washington is where Washington currently has the most wolves, as 

well as private lands, and where lethal removals presently occur. For a given number of annual 

removals, a pack was chosen at random and all individuals from that pack were removed; any 

remaining removals were removed at random from another randomly selected pack. We also 

maintained the same number of wolves immigrating into Washington from out of state as was 

estimated across the data period. We assumed no harvest or translocations. For all other 

scenarios, conditions were left as in the baseline except for changes as noted. 

 

Translocation 

 

In scenarios 2 and 3 (“Translocation”), we simulated moving eight wolves (two groups of 

four, each group having two 30+-month-old adults and two 6-month-old pups) from two 

randomly selected packs in Eastern Washington to the South Cascades and Northwest Coast 

recovery region. In scenario 2, we simulated moving the eight wolves to the Mt St Helens Elk 

Herd Area in autumn of year 5 of the simulation (i.e., in 2025), specifically to the two 

hypothetical pack territories anywhere in the South Cascades and Northwest Cost recovery 

region with the highest estimated suitability based on the resource selection function presented in 

Petracca et al. (2023). In scenario 3, we simulated moving eight wolves to the Olympic Peninsula 

in autumn of year 5 to the two hypothetical pack territories on the Peninsula with the highest 

estimated suitability.  

 

Increased removals 

 

In scenarios 4 and 5 (“Increased removals”), we simulated an increased number of lethal 

management removals such that 30% of the wolf population would be removed every four years, 

corresponding to an annual removal rate of 8.5%. In Scenario 4, removals applied to all wolves 

in Washington. In Scenario 5, removals applied to wolves in the Eastern Washington recovery 

region only, as removals are currently restricted to that recovery region. The increased removal 

rate was applied starting in year 3 of the simulation (i.e., in 2023), and continued throughout the 

50-year simulation.  

 

Harvest 

 

In scenarios 6 and 7 (“Harvest”), we simulated the introduction of legal harvest such that 

2.5% or 5% of the entire population was removed every six months. We simulated this mortality 

as fully additive, such that harvest mortality occurs independently of other forms of mortality 

(Mills 2013). These scenarios directly manipulated survival of individuals in both age groups (g, 

juvenile or adult) and both movement states (K, resident or mover) in six-month time period t 

(𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾 ′) such that  
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𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾 ′ =  𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡

𝐾 ∗ (1 − ℎ) (Eq. 2) 

 

where harvest level h was either 0.025 or 0.05, and 𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾  is the survival rate without harvest, 

as described in Eq. 1. Scenario 6 simulated 2.5% removal every six months and Scenario 7 

simulated 5% removal every six months. We began harvest in year 5 of the simulation (i.e., in 

2025).  

 

Immigration 

 

In scenarios 8 and 9, we varied the immigration rate into Washington. In scenario 8 

(“50% immigration”), we simulated a 50% reduction in immigration of wolves into Washington. 

We multiplied the parameter 𝜆𝑖𝑚𝑚𝑖𝑔 (number of immigrants per six-month-period per pack; see 

Petracca et al. [2023]) by 0.5 for all samples. This process was simulated to start in year 3 of the 

simulation (i.e., in 2023) and continue for the length of the simulation. In scenario 9 (“No 

immigration”), we simulated complete elimination of immigration of wolves into Washington. In 

scenario 9, we set the parameter 𝜆𝑖𝑚𝑚𝑖𝑔 to 0 for all samples, also starting in year 3 of the 

simulation (i.e., in 2023). 

 

Disease 

  

In scenarios 10 through 12 (“Disease”), we simulated an increase in mortality due to 

disease. We removed 25%, 50%, or 75% of the entire population. Again, we assumed this 

mortality to be fully additive. Similar to harvest, these scenarios directly manipulated survival of 

individuals in state K of age grouping g in six-month time period t (𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾 ′) such that 

 

𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾 ′ =  𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡

𝐾 ∗ (1 − 𝑑𝑖𝑠𝑒𝑎𝑠𝑒_𝑝𝑟𝑜𝑝)  (Eq. 3) 

 

where 𝜙. 𝑝𝑟𝑜𝑗𝑔,𝑡
𝐾  is the survival rate without disease, as described in Eq. 1. Proportion of the 

population removed by disease disease_prop was 0.25 (Scenario 10), 0.50 (Scenario 11), or 0.75 

(Scenario 12). Disease was estimated to occur at a random time between year 3 (i.e., June 2023) 

and the end of the simulation, and to persist for two consecutive six-month periods. 

 

Implementation  

 

The projection model was run in R v.4.2.0 (R Core Team 2022) for 50 years, using 500 

samples from the posterior distributions of the model parameters (Table 1) with 100 stochastic 

simulations per sample. Metrics for each simulation included total number of wolves, geometric 

mean of population growth rate, probability of reaching the recovery threshold across all years 

(2021-2070), probability of dropping below the quasi-extinction threshold across all years (2021-

2070), and the probability of extinction. Quasi-extinction was defined as having <92 adult 

wolves in the state and <24 adult wolves in each of three recovery regions (Wiles et al. 2011). 

Extinction was defined as having zero wolves in Washington State in year 50 (i.e., 2070). 
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RESULTS 

 
Due to similarities in projections among scenario classes, we present results from eight 

scenarios here (Table 2): Baseline, Translocation MSH, Increased removals, Harvest 2.5%, 

Harvest 5%, 50% immigration, No immigration, and Disease 75%. Please see Appendix S1 for 

results from all 12 modeled scenarios. 

Median probability of recovery (i.e., four breeding pairs in each recovery region, with 

three additional breeding pairs anywhere in the state) across all years (2021-2070) was above 

50% for the Baseline (0.71, 95% PI 0.02-0.89), Translocation MSH (0.74, 0.03-0.89), and 50% 

immigration (0.62, 0.01-0.86) scenarios, and below 50% for the Harvest 2.5% (0.44, 0.00-0.86), 

Disease 75% (0.43, 0.02-0.73), No immigration (0.27, 0.00-0.82), Increased removals (0.18, 

0.00-0.78), and Harvest 5% (0.11, 0.00-0.77) scenarios (Figure 2).  

Probability of recovery increased over time for all scenarios but Harvest 5% (Figure 3). 

Probability of recovery was >50% by the year 2030 for the Baseline and Translocation scenarios, 

by 2040 for 50% immigration, by 2050 for Harvest 2.5%, and by 2060 for Disease 75%; the 

other three scenarios (No immigration, Increased removals, Harvest 5%) failed to reach the 

>50% probability of recovery threshold by 2070. 

 

 
Figure 2. Probability of meeting plan recovery across all years (2021-2070) for seven scenarios 

related to management and system uncertainty. Plan recovery is considered having four 

breeding pairs in each recovery region, with three additional breeding pairs anywhere in 

the state. The center line represents the median and boxes represent the 50% prediction 

interval. The points represent individual data points (of 50,000 samples) that are outliers. 
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Figure 3. Probability of meeting plan recovery at various time points over the period 2021-2070 

for seven scenarios related to management and system uncertainty. Plan recovery is 

defined as having 4 breeding pairs in each recovery region, with 3 additional breeding 

pairs anywhere in the state. The center line represents the median and boxes represent the 

50% prediction interval. The points represent individual data points (of 50,000 samples) 

that are outliers. 

 

 

The geometric mean of lambda was above 1 for all scenarios. Geometric mean of lambda 

was 1.03 (95% PI 1.00-1.05) for two scenarios: Baseline and 50% immigration (Figure 4). 

Geometric lambda was 1.05 (1.02-1.07) for Disease 75%, 1.03 (1.01-1.05) for Translocation 

MSH, 1.02 (0.99-1.04) for Harvest 2.5%, 1.01 (0.98-1.04) for Increased removals, 1.01 (0.97-

1.04) for Harvest 5%, and 1.01 (0.83-1.04) for No immigration (Figure 4).  
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Figure 4. Projected geometric mean of population growth, 𝜆, for gray wolves (Canis lupus) 

population in Washington State, USA, over the time period 2021-2070, for eight 

scenarios related to management and system uncertainty.  

 

 

Predicted probabilities of quasi-extinction and extinction were low (<10%) across all 

scenarios. Median probability of quasi-extinction (i.e., <92 adult wolves in the state and <24 

adult wolves in each recovery region in any year) across all years (2021-2070) was 0.08 (95% PI 

0.02-0.49) for Disease 75%, 0.05 (0.00-0.81) for No immigration, 0.02 (0.00-0.68) for Harvest 

5%, and 0.01 (0.00-0.62) for Increased removals. All other scenarios had a median probability of 

quasi extinction of 0, with varying prediction intervals (0.00 [95% PI 0.00-0.32] for Baseline, 

0.00 [0.00 -0.21] for Translocation MSH, 0.00 [0.00-0.45] for 50% immigration, and 0.00 [0.00-

0.47] for Harvest 2.5) (Figure 5). Median probability of extinction (i.e., zero wolves in 2070) 

was zero across all scenarios but No immigration (0.01, 95% PI 0.00-0.99) (Appendix S1). 
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Figure 5. Probability of quasi-extinction across all years (2021-2070) for seven scenarios related 

to management and system uncertainty. Quasi-extinction occurs when there are <92 adult 

wolves in the state and <24 adult wolves in each recovery region. The center line 

represents the median and boxes represent the 50% prediction interval. The points 

represent individual data points (of 50,000 samples) that are outliers.  
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All scenarios started with a median wolf abundance of 172 (95% prediction interval [PI] 

154-191) in the year 2020. Predicted wolf abundance in 2070 was 544 (54-1363) for Baseline, 

638 (95% PI 66-1527) for Translocation MSH, 517 (34-1447) for 50% immigration, 308 (28-

910) for Harvest 2.5%, 276 (14-1097) for Disease 75%, 264 (0-1352) for No immigration, 212 

(12-569) for Increased removals, and 166 (9-469) for Harvest 5% (Figure 6). 

 

 
Figure 6. Estimated number of wolves in Washington State, USA, for seven scenarios related to 

management and system uncertainty. Black line indicates the median and boxes represent 

the 50% prediction interval. The points represent individual data points (from 50,000 

samples) that are outliers. 

 

 

DISCUSSION 
 

Predicting the trajectory of recovering species is notoriously challenging and is made 

more so by the wide variety of factors – both within and outside the control of managers – that 

may influence recovering populations (Coulson et al. 2001, Ellner et al. 2002, McCarthy et al. 

2003). Population projections are a powerful tool for exploring the effects of uncertainties on 

species recovery and can inform the decisions of managers tasked with recovering species and 

determining their legal status (Morris and Doak 2002). Using an existing population projection 

framework for wolves in Washington State, we projected the population forward under 12 

scenarios relating to management actions (lethal removals, translocation, harvest) and sources of 

structural uncertainty (out-of-state immigration, disease) and found that recovery criteria for 

wolves in Washington were likely to be met across the next 50 years under the majority of 

scenarios. In developing scenarios, we included a wide range of potential factors that could 

impact wolf population trajectories and found that the population’s long-term growth rate was 
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robust to possible disease outbreaks, harvest, and lethal removals. These results are consistent 

with the success of recolonizing wolf populations across North American and Europe including 

in the upper Midwestern United States (Mech 1995), northern Rocky Mountains of the United 

States (Smith et al. 2010, Jimenez et al. 2017), Scandinavia (Vilà et al. 2003, Wabakken et al. 

2011), and mainland Europe (Chapron et al. 2014). We note that our model assumed vital and 

movement rates in the projection period (2021-2070) to be drawn from the same distribution as 

those observed during our data collection period (2009-2020), unless those rates were 

specifically affected by the management strategy.  

While population growth rates across scenarios were indicative of a stable or growing 

population, some scenarios had a relatively low probability of meeting recovery objectives. The 

three scenarios that resulted in the lowest probabilities of meeting recovery criteria across all 

years (2021-2070) were the Harvest 5% (11% recovery probability), Increased removals (18%), 

and the No immigration (27%) scenarios. The harvest and removal scenarios likely had the 

lowest probability of meeting recovery goals due to offtake (5% of the population removed every 

six months for harvest, 30% of the population removed every four years for lethal removals) 

being too high to sustain the population (see Creel et al. [2015] and rebuttal by Mitchell et al. 

[2016] for policy considerations regarding wolf offtake). The two strategies that we simulated 

specified a fixed harvest and lethal removal rate, respectively, across all years and regions; a 

more likely management approach would involve adaptation of these rates if the population was 

estimated to be declining (Andrén et al. 2020). In addition, some mortality may be compensatory 

(Murray et al. 2010), which we did not attempt to account for given the challenges of 

parameterizing a mortality process that is compensatory. In other scenarios, we assumed that 

harvest was 0%, as it is not currently permitted in Washington outside tribal areas (WDFW et al. 

2021). Legal harvest by tribal members has occurred in Washington (mean annual harvest = 4.83 

[SD = 2.14] wolves statewide from 2015-2020); these mortalities were accounted for in our 

background mortality rate. 

Immigration is an important source of new individuals in a recovering population 

(Altwegg et al. 2014, Lieury et al. 2016, Grauer et al. 2019), and has been critical to the 

recolonization of wolves in Washington State (Maletzke et al. 2016). The recent increase in wolf 

harvest in neighboring Idaho (Idaho State Legislature 2021), Montana (MFWP 2022), and 

British Columbia (Government of Canada 2020) has led to an increase in questions regarding 

whether current immigration levels will remain. While our No immigration scenario was 

extreme, enforcing a complete cessation of out-of-state immigration rather than a reduction, it 

does underscore the importance of out-of-state immigration to sustaining the population within 

Washington (though see Bassing et al. (2020) for how immigration alone cannot compensate for 

high anthropogenic mortality). Under the 50% immigration scenario, by contrast, which is 

arguably more realistic and still enforced a large decline in immigration, we predicted a 69% 

probability that the population would meet recovery criteria in 2070. These scenarios show not 

only the importance of out-of-state immigration to the Washington wolf population, but also that 

uncertainty around immigration makes prediction of recovery challenging.  

The other two scenarios with <50% probability of meeting recovery goals across all years 

(2021-2070) were those involving short-term (i.e., Disease 75%) or more modest (i.e., Harvest 

2.5%) reductions in survival, though these scenarios did have a >50% probability of recovery in 

2070. In our disease scenarios, we considered up to 75% reduction in survival in two random 

consecutive six-month periods. We applied this increased mortality to all age classes; however, 

in some cases, diseases are more likely to impact one age class than another. For example, canine 
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parvovirus has been shown to reduce pup survival by 40-60% while not directly causing 

mortality of older age classes (Mech et al. 2008); canine distemper has also disproportionately 

impacted pup survival (Almberg et al. 2009). As younger individuals are more likely to disperse, 

the results of such outbreaks may also reduce the recolonization rate of wolves (Mech et al. 

2008). Consideration of how different diseases may impact the population is important for 

understanding not only demographic rates, but also dispersal and recolonization rates.  

One commonly used management tool to help small or extirpated populations recolonize 

an area is conservation translocation (Seddon et al. 2007, Seddon and Armstrong 2016). Our 

translocation scenarios, which involved relatively modest numbers of wolves in translocated 

cohorts, were not predicted to discernibly change progress toward recovery. This lack of 

measurable impact occurred despite translocated wolves being assumed to have survival rates 

drawn from the same distribution as resident wolves elsewhere in the state, though rates for 

translocated individuals may be lower in practice (Bradley et al. 2005). Given that the population 

was predicted to expand under the baseline scenario, the relatively small number of translocated 

individuals was unlikely to accelerate recovery. Larger translocation cohorts may be more 

effective in accelerating recovery by increasing the establishment of wolves in the Southern 

Cascades and Northwest Coast recovery region, but translocation of wolves is a politically and 

logistically challenging undertaking.    

While wolves continue to expand in range, conflicts between people and wolves are 

likely to follow suit (Mech 1995, Breitenmoser 1998). This is particularly true in Washington, 

where the urban-wildland gradient is changing quickly and wolves are settling in areas with more 

livestock grazing (Hanley et al. 2018). Human-wolf conflicts arise due to issues such as livestock 

depredation, competition for hunted game species, and the perceived threat of potential direct 

attacks on humans (Treves and Karanth 2003, Rodríguez-Recio et al. 2022). Currently, the 

Washington Department of Fish and Wildlife uses lethal removals in response to livestock 

depredation, and we considered an increase in lethal removals in our scenarios to account for this 

potential increase in human-wildlife conflict. While lethal removals currently only occur in the 

Eastern Washington recovery region, it is likely that removals may become more common in the 

Northern Cascades given its high predicted likelihood of wolf-livestock interactions as the wolf 

population expands (Hanley et al. 2018). It is also important to consider that lethal removals may 

not increase linearly with wolf population size as we modeled here, and that use of non-lethal 

deterrents to prevent livestock loss – such as flagging, aversive stimuli (e.g., shock collars, less-

than-lethal munitions), and disruptive stimuli (e.g., light and siren devices) – may provide 

deterrents to livestock depredation (Bangs and Shivik 2001, Shivik et al. 2003, Bangs et al. 

2006). 

Accounting for uncertainty is necessary to provide robust predictions of population 

trajectories (Morris and Doak 2002, McGowan et al. 2011). Here, we accounted for uncertainty 

related to both lack of knowledge or information about the system (i.e., epistemic uncertainty) 

and uncertainty related to the inherent randomness of the system (i.e., aleatory uncertainty) 

(Regan et al. 2002). We captured epistemic uncertainty by exploring multiple structural 

uncertainties related to immigration and disease. We captured aleatory uncertainty by accounting 

for (1) parametric uncertainty via the posterior distributions of model parameters as estimated in 

Petracca et al. (2023), (2) environmental stochasticity by generating future survival rates from 

hyperparameters and allowing disease to occur stochastically (see Eq. 1), and (3) demographic 

stochasticity through the stochastic structure of the model described in Petracca et al. (2023). 

While the result is substantial uncertainty about population trajectories, this uncertainty 
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accurately characterizes the reality faced by managers (Morris and Doak 2002). Methods for 

decision making in the face of risk (e.g., Runge and Converse 2020) are available to help 

decision makers grapple with this uncertainty.   

We used a spatially explicit projection model to predict the spatiotemporal dynamics of a 

recolonizing carnivore in Washington State, USA, conditional on a variety of factors both within 

and outside manager’s control. Our results suggest that a recolonizing carnivore with typically 

high reproductive rates and dispersal ability is robust to most management strategies and sources 

of uncertainty regarding immigration and disease. However, this exercise underscored the 

important role played by immigration and highlighted the potential risks of high harvest and 

lethal management removals for sustaining a recolonizing population, a lesson that can be 

applied broadly across threatened taxa.   
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