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E C O L O G Y

Elusive effects of legalized wolf hunting on 
human-wolf interactions
Leandra M. Merz1,2*†‡, Bernhard Clemm von Hohenberg3‡, Nicolas T. Bergmann4,5,  
Jeremy T. Bruskotter6§, Neil H. Carter2§

Expanding gray wolf (Canis lupus) populations in Europe and North America contribute to increased risks of live-
stock predation, which can threaten human livelihoods and lead government agencies to target wolves for lethal 
removal. Public wolf hunting is a highly contentious strategy for mitigating these risks, yet few empirical studies 
examine its effectiveness in doing so. Using difference-in-differences and structural equation modeling of data 
from the northwestern US between 2005 and 2021, we analyzed impacts of wolf hunting on livestock predation 
by wolves and government removal of wolves in the same year and with a 1-year time lag while controlling for 
social and environmental variables. We found that public wolf hunting had a small negative effect on livestock 
predation but had no effect on government lethal removal of wolves in the same or subsequent years. Our find-
ings challenge the assumption that wolf hunting is an effective management strategy for reducing livestock pre-
dation and lethal removal.

INTRODUCTION
Large carnivores occupy areas with livestock all over the world. By 
killing or harassing livestock on these shared landscapes, carnivores 
pose a heterogeneous but sometimes substantial risk to human inter-
ests and livelihoods (1). Managing the risks is a major, and growing, 
challenge (2). Human societies increasingly have diverse, sometimes 
conflicting, expectations and priorities regarding wildlife (3, 4). These 
disparate viewpoints shape policy toward carnivores and may lead 
to gridlock or rapid policy shifts (e.g., “predator pendulum” where 
management rapidly shifts between strategies that heavily perse-
cute wolves and others that heavily protect wolves)—none of which 
is conducive to sustainable management or conservation outcomes 
(5–7). Yet, ongoing range expansions of certain carnivore species are 
likely to exacerbate the conflict among humans regarding how carni-
vores should be managed.

A subject of intense, and timely, scrutiny is the management of 
gray wolf (Canis lupus) populations in North America and Europe. 
Gray wolves have rebounded since policies to conserve them were 
enacted during the 1960s and 1970s (8, 9). They appear to thrive 
as long as prey is available and human-induced mortality is limited 
(9, 10). As wolves reoccupy their former range, negative interactions 
between people and wolves have increased. These interactions have 
prompted calls to manage wolf populations using lethal actions (11). 
Notably, some government agencies facilitate public hunting of 
wolves as a means of reducing livestock losses from wolf predation 
[e.g., (12)]. If effective at reducing livestock depredation, then hunt-
ing wolves may also reduce the need for expensive lethal removal of 

chronically depredating wolves by government agencies (13). Al-
though wolf hunts are increasingly used to manage wolves, they can 
be highly controversial, characterized by divisive discourse on the 
ethics, ecological effects, and societal impacts of hunting wolves 
(14, 15). Therefore, empirical evidence that legalizing wolf hunting 
reduces negative impacts of wolves is needed to justify its use as a 
risk-reduction tool (16–18).

Despite the polarization over wolf hunting, few studies have 
quantified whether it demonstrably reduces livestock depredations 
and associated lethal removals by government agencies (19). Those 
studies often suggest that legalizing wolf hunting does not reliably 
and meaningfully reduce livestock predation unless all or most 
wolves in a given area are removed (19, 20)—an outcome that contra-
venes policies in place to protect wolves. Kutal et al. (21) examined 
wolf-livestock interactions in Slovakia and found no evidence that 
livestock predation decreased following wolf hunting. Grente (22) 
found that the majority of counties examined in France had no sig-
nificant change in livestock predation following public wolf hunting, 
but a few counties experienced either increases or decreases in preda-
tion. In contrast, some studies in the United States found that tar-
geted removal or hunting of wolves in high-risk areas can reduce 
subsequent livestock depredations in those specific areas (19, 23–25). 
These sparse and equivocal results warrant more robust analyses to 
make stronger causal inferences on the impacts of wolf hunting.

Here, we investigate the effects of legalized wolf hunting on two 
aspects of human-wolf interactions: (i) livestock depredation by 
wolves and (ii) the lethal removal of wolves by government agencies 
from 2005 to 2021 in four states in the northwestern US—Idaho, 
Montana, Oregon, and Washington. For simplicity, we use the term 
hunting to refer to all legal and regulated methods of public harvest 
or offtake including trapping but excluding lethal removal by gov-
ernment agencies. We focus on the northwestern US because it is 
a nexus for conflict over ongoing efforts to conserve wolves while 
mitigating risks to livestock (26). Following a reintroduction pro-
gram in the mid-1990s, the northern Rocky Mountain wolf pop-
ulation has quickly grown and expanded to neighboring areas 
(9). When federal protections were first removed in 2009, wolf 
hunting became legal in Idaho and Montana (note that hunting was 
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periodically interrupted during various legal challenges until 2012) 
(see fig. S1). Meanwhile, hunting of wolves has not been legalized on 
nontribal lands in Oregon and Washington, states where wolves 
have recolonized in recent years. Where hunting has been legalized, 
some counties have experienced no or low levels of wolf hunting in 
some years compared to higher levels in other counties or years. 
This substantive temporal-spatial variation in hunting levels affords 
us an opportunity to causally infer its effects on livestock depreda-
tions and government removals.

We use an approach similar to the logic of before/after/control/
impact (BACI) studies that compares geographical units that were 
affected by a management intervention (wolf hunting) to those that 
were not, both before and after said intervention. In contrast to 
typical BACI studies, which model the effect of a policy change at 
the level of a state or country, we model the effect of hunting itself 
and use counties as the unit of analysis to leverage the fine-scale 
variation. We use multiple models to balance the inherent limita-
tions of each modeling approach. First, we apply two difference-in-
differences techniques, namely, two-way fixed-effects (TWFE) and 
PanelMatch models, that compare differences between counties that 
had or did not have wolf hunting in a given year. While PanelMatch 
models (27) only account for binary independent variables (i.e., 
hunting or no hunting), TWFE models can be binary or continuous 
to account for different levels of hunting within a county. Second, 
we apply dynamic panel models (DPM) (28), which have not been 
used in previous studies on the impacts of wolf hunting. These dy-
namic models better account for the likelihood that our dependent 
variables (lethal removal and livestock predations) may also influ-
ence our independent variable (wolf hunting) over time.

We test effects on lethal removal and livestock predation in the 
current and subsequent year for all models while controlling for 
time-varying environmental and social factors that may influence 

human-wolf encounters. The environmental factors are rough prox-
ies for resource availability (drought levels), game species abun-
dance (elk harvest levels), and the likelihood of encountering cattle 
(number of cattle). The social factors are rough proxies for cultural 
dimensions affecting relations with wolves, such as worldviews and 
livelihoods (median resident age, median resident household in-
come, and percent of presidential vote for the Republican candi-
date) and the likelihood of encountering people (human population 
size). Reliable and comparable county-level data on wolf abun-
dances across our study region and time period were not available. 
Although we cannot control for wolf abundance directly, we ran ro-
bustness checks by subsetting the data from 2012 onward, in which 
the numbers of wolves remained mostly stable at the state level and 
for which we have the full suite of social and environmental covari-
ates [e.g., (29)] (see figs. S12 and S13). If we assume that this trans-
lates into stable wolf abundance at the county level, then we can rule 
out confounding by this variable. Moreover, we ran sensitivity anal-
ysis simulating a confounder positively correlated to both our out-
comes and predictor—such as wolf abundance—to understand how 
this would change our results (see fig. S14). We also ran robustness 
checks on different measurements of livestock predation including 
sheep only, cattle only, and animal unit months (AUMs) as a way 
of standardizing the size, forage needs, and even economic value 
of different livestock types (30) while we use the sum of cattle and 
sheep depredation in the main analyses (see figs. S6 and S7).

RESULTS
Effect on livestock depredation
We found that in both the PanelMatch (Fig. 1A) and TWFE (Fig. 1, 
B and C) models, the coefficients for the effect of legally hunting 
wolves on livestock predation were negative. In all but one model 

Fig. 1. Effects of public wolf hunting on livestock predation by wolves using difference-in-differences modeling. Results of PanelMatch model where wolf hunting 
is binary (A), TWFE model where wolf hunting is binary (B), and TWFE model where wolf hunting is continuous (C). The whiskers indicate 95% confidence intervals, and 
where these cross zero on the x axis, the relationship does not significantly differ from a null effect. All model results are shown for the current year (t + 0) and a 1-year lag 
(t + 1). Note that the x axis varies across the panels.
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(PanelMatch for the outcome in the same period), they reached con-
ventional levels of statistical significance. These negative effects 
support the idea that more hunted wolves leads to lower livestock 
predation, although with some degree of uncertainty, as not all models 
are statistically significant, especially when examining our robust-
ness checks. Specifically, the PanelMatch models become insignifi-
cant for most robustness specifications.

Substantively, a coefficient of −0.024 (SE = 0.009) in the continu-
ous TWFE model (t + 0) means that hunting one additional wolf is 
associated with a 2.34% [95% CI: 0.64%, 4.08%] decrease in expected 
livestock depredations. Livestock depredations averaged three per 
county annually, so reducing depredations by 2.34% for each wolf 
killed in that same year would lead to a savings of ~0.07 livestock. In 
a county at the 90th percentile of depredations (about seven live-
stock depredations as baseline), those losses could be reduced by 
0.17 livestock for each wolf killed. Turning to our binary TWFE (t + 0), 
the estimated effect size of −0.884 (SE = 0.221) for hunting any 
wolves translates into a decrease of 58.7% [95% CI: 36.3%, 73.2%] of 
livestock depredations.

The seeming discrepancy between the two effect sizes stems from 
a highly skewed distribution of harvested wolves, with a maximum 
of 113 and a mean of ~5 across counties/years where hunting was 
legalized. Thus, the difference in the estimated effect sizes reflect dif-
ferent contrasts. The binary model collapses all positive values into 
“any hunting,” so it captures the large jump from zero to some—
often non-trivial—intensity. The continuous coefficient is a per-unit 
effect; one unit is small relative to the observed range, so the per-
unit change looks modest but compounds over realistic increments 
(e.g., 10 more hunted wolves translates to a predicted 21% decrease 
in livestock losses; 50 more hunted wolves to a 70% decrease in live-
stock losses). The binary estimate speaks to what happens when 
counties move from zero to allowing the treatment under the uptake 
patterns in our data—while the continuous model is more useful for 
planning and targeting because it maps outcomes to intensity. Ac-
cordingly, we advise to focus on effects for plausible intensity chang-
es (e.g., per 10 additional hunted wolves) and avoid adopting the 
binary estimate as a stand-alone projection. The TWFE models re-
main statistically significant when measuring livestock depredation 
separately for sheep/cattle or in AUM (fig. S6), when only including 
counties from Montana and Idaho in the models (fig. S8). However, 
they become mostly insignificant when subsetting the data to 2012 
and later when wolf numbers were roughly stable (fig. S12). We also 
simulate to what extent an unobserved confounder such as wolf 
abundance—positively correlated to both wolf hunting and live-
stock depredation—would affect our two-way fixed effects models 
(fig.  S14). For example, if wolf abundance was correlated to both 
variables at r = 0.5, then the coefficient for the effect of wolf harvests 
in the continuous TWFE model (t + 0) would change from −0.024 
to −0.038.

The dynamic panel models, which allow for the possibility 
that public wolf hunting is affected by earlier livestock predation/
government removals, indicate an effect of wolf hunting on live-
stock predation in one specification but not the other (Fig. 2). We 
estimated a model that did not control for drought (using data from 
2009 onward) and one that did control for drought (using data from 
2012 onward; see Materials and Methods). Using alternative mea-
sures of predation (fig.  S7) yields similar results. Including only 
Montana and Idaho (fig. S9) suggests an even stronger negative ef-
fect of wolf hunting.

Effects of wolf hunting on lethal removal of wolves
We found no significant evidence among any of our model specifica-
tions that wolf hunts replaced the need for government agencies to 
lethally remove wolves (Fig. 3). Results remained substantively un-
changed when subsetting the data to Montana and Idaho (fig. S10) or 
to 2012 and after (fig. S13).

The dynamic panel modeling outputs (Fig. 4) also show a robust 
pattern of null results. We reran all these models, subsetting the data 
to Idaho and Montana only, with similar null results (fig. S11).

DISCUSSION
Researchers wishing to estimate the effect of wolf hunting on live-
stock predations face a number of analytical challenges, from deter-
mining the appropriate scale of analysis to the selection of appropriate 
statistical models. We applied a variety of modeling techniques to 
compensate for inherent limitations of each model type and found 
that most but not all of our models indicate that wolf hunting re-
duced livestock depredations by wolves in the same or subsequent 
year. In contrast, none of our models indicates an effect of wolf hunt-
ing on the lethal removal of wolves by government agencies.

Although our results indicate that hunting wolves had a statisti-
cally significant effect on livestock depredations in our study area, 
from a practical standpoint, the size of the effect is quite small. Sim-
ilarly, DeCesare et al. (19) found that wolf hunting in Montana re-
duced the rate of recurring livestock predation in studied areas by a 
modest effect size. These small effects, combined with other research 
showing null effects, suggest that a high percentage of wolves must 
be hunted before a substantive reduction in livestock predation is 
observed (19, 20, 31). If the threshold is very high, then it may not 

Fig. 2. Effects of public wolf hunting on livestock predation by wolves using 
DPM. Results of DPM of the effects of public wolf hunting on livestock predation by 
wolves. We included data from 2009 to 2021 (solid line) without controlling for 
drought (the model did not converge due to drought indicators being constant in 
counties in 2011) and from 2012 to 2021 (dashed line) while controlling for drought. 
The whiskers indicate 95% confidence intervals, and where these cross zero on the 
x axis, the relationship does not significantly differ from a null effect.
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be feasible or desirable (socially, politically, or ecologically) to reach 
the threshold required to substantively impact livestock predation.

Some insight into the small effect might be provided by consid-
ering plausible mechanisms underpinning the relationship be-
tween wolf hunting and livestock predation. One mechanism is 
that lowering the population of wolves decreases the probability of 

wolves encountering livestock. DeCesare et  al. (19), for example, 
showed an association between wolf density and depredations. This 
mechanism treats all wolves in the same manner; that is, it assumes 
a fixed encounter rate and fixed tendency of each wolf to kill live-
stock such that a reduction in wolves would lead to fewer encoun-
ters and, thus, fewer depredations. Alternatively, treating wolves as 
individuals, one might propose that hunting would reduce depreda-
tions in cases where more “bold” wolves (i.e., animals with a greater 
propensity than shy individuals to depredate) were removed. Relat-
edly, the hunting of wolves could cause these animals to behavior-
ally avoid people and thus make them less likely to attack livestock, 
at least in human-occupied areas (25, 31). The effect of these mecha-
nisms, however, may be offset if the killing of wolves disrupts social 
pack dynamics or age structures in ways that exacerbate livestock 
depredations (32).

Unfortunately, the data used in these analyses do not allow us to 
tease out which mechanisms are responsible for the reduction in 
depredations. Also, the myriad—likely simultaneously interacting—
mechanisms generate considerable uncertainty about which mech-
anisms prevail under various conditions. As a result, the effects of 
wolf hunting on livestock depredation witnessed in our study may 
be unreliable or inconsistent when extended to other regions out-
side our study system. This uncertainty is compounded by a num-
ber of contextual factors that can vary widely, such as whether 
livestock producers are using nonlethal deterrents such as range 
riding, fladry, or removing livestock carcasses from the landscape 
to avoid attracting predators. Likewise, the effects may be moder-
ated by fluctuations in key resources, such as the availability of wild 
prey or annual differences in weather, which can affect prey vulner-
ability (33). In our analysis, drought diminished the effect of wolf 
hunting on livestock depredation (Fig. 2), suggesting that water 
stress in the landscape altered the interaction patterns of wolves 
and livestock.

Fig. 4. Effects of public wolf hunting on lethal removals of wolves using DPM. 
Results of DPM of the effects of public wolf hunting on the lethal removal of wolves 
by government agencies. We include data from 2009 to 2021 (solid line) without 
controlling for drought (the model did not converge due to drought indicators be-
ing constant in counties in 2011) and from 2012 to 2021 (dashed line) while control-
ling for drought. The whiskers indicate 95% confidence intervals, and where these 
cross zero on the x axis, relationship does not significantly differ from a null effect.

Fig. 3. Effects of public wolf hunting on lethal removals of wolves using difference-in-differences modeling. Results of PanelMatch model where wolf hunting is binary (A), TWFE 
where wolf hunting is binary (B), and TWFE model where wolf hunting is continuous (C). The whiskers indicate 95% confidence intervals, and where these cross zero on the x axis, 
relationship does not significantly differ from a null effect. All model results are shown for the current year (t + 0) and a 1-year lag (t + 1). Note the x-axis varies across the panels.
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Unlike livestock depredations, we found no evidence that wolf 
hunting reduces subsequent lethal removal of wolves by govern-
ment agencies. This null effect may have to do with the different 
spatial and temporal scales at which these management interven-
tions operate. Public hunting is a nontargeted, population-level 
intervention; one that happens months after wolves typically pre-
date on grazing livestock. In contrast to large-scale, state-wide 
hunting that seeks to reduce depredations by reducing wolf abun-
dance/density, the targeted lethal removal of wolves/wolf packs by 
government agencies focuses on the scale at which depredations 
occur, removing known (or suspected individuals). Hence, a num-
ber of studies have shown that the targeted removal of specific dep-
redating wolves may reduce future depredations (23, 24), but this 
is likely to occur only at a very localized (e.g., pack territory) scale 
(32, 33).

Regardless, the null effect on government removals challenges 
another potential use of wolf hunting, which is to reduce the need 
for targeted removal of wolves by government agencies. Certainly, 
there are social, economic, and ecological reasons why lethal remov-
als should be minimized to the extent possible. For example, lethal 
removals can be very costly (34); Coleman (13) estimates the aver-
age cost to lethally remove a single wolf in Idaho was $9617. As gov-
ernment agencies are largely funded by taxpayer money, there is 
constant pressure to be economically effective. Our results suggest 
that legalizing wolf hunting may not address the concern over the 
taxpayer cost of wolf management.

Assessing the effectiveness of wolf hunting is inherently chal-
lenging for multiple reasons including the difficulty obtaining com-
parable data for multiple states. Key wolf data are often not publicly 
available or accessible in the United States (35, 36). We had to sub-
mit multiple Freedom of Information Act requests and apply months 
of follow-up pressure to obtain some of the information in this 
study. Even with access, the data may not be comparable as each 
state collects and manages data separately after wolves were re-
moved from federal protection. In our study region, each state uses 
different methods of estimating wolf population size that are not 
comparable and potentially unreliable within a state (37). While we 
expect hunting to affect wolf population dynamics in potentially 
complex ways (38–40), we were unable to account for differences in 
wolf population size, given the lack of reliable and comparable data. 
However, wolf populations in Idaho and Montana have been rela-
tively stable at the state level since 2012; hence, we ran robustness 
checks that subset the data to 2012–2021. The subsetted models and 
our sensitivity analysis suggest that trends in wolf population sizes 
across our study system did not confound the models.

Our study only assesses two potential benefits of wolf hunting—
decreases in the number of livestock depredations and lethal remov-
als of wolves by government agencies. We recognize that there are 
other justifications for the legalization of wolf hunting including in-
creasing human tolerance for wolves, increasing wild ungulate popu-
lations, and reducing threats to human safety (16). Some contend 
that designating wildlife as a game species can, in some situations, 
increase the real or perceived value of the species (41), although it is 
unclear whether this is true with wolves. The United States has a long 
history of using hunting to manage wildlife populations, and income 
generated from hunting licenses helps fund efforts to mitigate nega-
tive human-wildlife interactions (42). Wolf hunting may be the rea-
son for stable wolf populations, at least in parts of Idaho and Montana 
[see (40)]. Therefore, without public hunting, it is possible that wolf 

populations would increase and that livestock depredations and le-
thal removal instances would increase in turn.

There are tangible trade-offs, however, in conducting wolf hunts 
that are rarely addressed. For example, there are operational costs to 
conducting a state-wide hunting program, and it is unclear what those 
costs are on a per-wolf basis. Public hunting of wolves also can affect 
ecotourism, such as occurred when large numbers of Yellowstone 
wolves were killed by hunters just outside the national park boundary 
(43). Recent research has also shown that wolves reduce costs associ-
ated with deer-vehicle collisions—a savings that outweighed the fi-
nancial losses from livestock predation (44). Thus, future work that 
makes a fuller, empirical appraisal of the costs and benefits from wolf 
hunting would better inform decision makers and the public about 
the trade-offs associated with this management intervention.

Even with public wolf hunting and lethal removal by government 
agencies in Montana and Idaho, livestock depredations remain a ma-
jor concern. Effective methods of mitigating negative interactions 
between ranchers and wolves are urgently needed, yet the social, eco-
nomic, and ecological costs and benefits need to be carefully consid-
ered. Nonlethal deterrents have been effective in some contexts 
(35, 45, 46), yet public funding for nonlethal deterrents is inconsis-
tent (47). Changes to livestock husbandry and targeted removals 
by the government or ranchers are also potentially effective solu-
tions (19, 23). Ideal solutions to mitigate wolf impacts on humans are 
likely to vary across time and space (46). Ultimately, more empirical 
evidence is needed to determine effective and appropriate mitigation 
strategies that are context-specific and to design public policy ac-
cordingly (35). Furthermore, it is unrealistic to expect the elimina-
tion of livestock predation with wolves present. People must accept 
some level of risk when living in proximity to wolves. Predator com-
pensation schemes or insurance programs have proven effective in 
some cases (45), and US communities show willingness to financially 
support similar programs (46), yet many existing insurance pro-
grams in the United States have had low rancher satisfaction (47).

The dearth of information on the effects of wolf management 
strategies hampers the ability of wildlife agencies to develop appro-
priate policies to support human-wolf coexistence. We used multi-
ple modeling approaches that compare individual counties before 
and after hunting was legalized and compare counties with and 
without hunting to ensure a robust analysis of the impacts of wolf 
hunting on livestock depredation by wolves and lethal removal of 
wolves by government agencies. Our results inform the current de-
bate surrounding the potential use of public wolf hunting as a man-
agement strategy in Europe and the United States. The minimal 
effects of wolf hunting on negative human-wolf interactions sug-
gests that caution be used when implementing wildlife management 
strategies based on untested assumptions or claims. Instead, we urge 
the rigorous testing of assumptions and interventions, especially re-
lated to contentious issues such as wolf management. Adopting 
comparable methods of data collection and increasing the transpar-
ency and accessibility of data can facilitate testing of assumptions 
and interventions.

MATERIALS AND METHODS
Variables
We obtained temporal-spatial data on wolf hunting, wolf removals, 
and livestock depredation for the US states Montana, Idaho, Oregon, 
and Washington from 2005 to 2021. All our variables were measured 
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at the county-year level. While Montana and Idaho legalized public 
wolf hunting during the study period, public wolf hunting was ille-
gal in Washington and Oregon throughout the whole period (with 
the exception of some tribal lands). As the counties in these two 
states were never “treated,” we also ran our models without these 
two states as a robustness check.

Our independent variable is the total number of wolves hunted 
(i.e., the sum of legally trapped and hunted wolves) and a binary 
version of this variable (i.e., whether any wolves were hunted). For 
Idaho, we obtained the raw numbers at the level of game manage-
ment units, which we converted to the county level based on the 
proportion of the game management unit in each county. Montana 
records wolves hunted at the county level. The number of counties 
with wolf hunting and the number of wolves hunted in a county 
generally increased over time for Montana and Idaho (Fig.  5 and 
figs. S1 and S2).

Our first dependent variable was the total number of livestock 
predated by wolves according to reports from state agencies. For our 
main analysis, we use the sum of cattle and sheep that were con-
firmed or probable cases of wolf depredation. Cattle and sheep ac-
count for the majority of wolf depredations. For robustness analyses, 
we also model the effect on cattle and sheep depredation separately, 
and we include AUM as a measure of depredation to account for the 
size, forage requirements, and even economic value of cows/sheep. 
When applying an AUM approach, we multiply the number of sheep 
predated by 0.2 and cows by 0.92 without differentiating adults/
juveniles as that information is not consistently available in the re-
cords (30). Figure 6 illustrates the geographic variation of livestock 
depredation over time (see fig. S3 for all years). Our second outcome 

is the total number of wolf lethal removals by government agencies 
[obtained from US Department of Agriculture Animal and Plant 
Health Inspection Service (USDA APHIS) and state wildlife agency 
reports], displayed in Fig. 7 (see fig. S4 for all years).

Covariates
We further controlled for a number of time-variant variables that 
could confound the relationship between public wolf harvests and 
our outcomes. First, drought could influence abundance of wolves 
and therefore both their predation behavior and opportunity to 
hunt them. We obtained a measure of drought (recoded to an in-
dex from 0 =  no drought to 5 =  severe drought) from the US 
Drought Monitor (48). Second, we controlled for the number of 
elk harvested in a county as an indicator for game abundance, 
which could both influence behavior of wolf hunters/trappers and 
predation behavior of wolves. Elk harvest data at the game man-
agement unit scale was reassigned to county scale according to 
the proportion of the game management unit in each county. 
Third, an increase (decrease) in cattle could result in more (less) 
opportunity for livestock depredation and also greater support for 
wolf harvesting. Data on cattle numbers were obtained from the 
National Agricultural Statistics Service (49). Because political af-
filiation has been linked to wolf-related attitudes and behavior 
(50, 51), we controlled for the percentage of Republican votes for 
the Presidential candidate using MIT Election Lab data (52). Last, 
we controlled for potential changes in a county’s demographic 
structure that could affect both livestock ranching and wolf hunt-
ing practices. Specifically, we used county-level population size, 
median household income, and median age, all collected from the 

Fig. 5. Geographic distribution of wolf hunting. We use four select time periods, 2005 (A), 2010 (B), 2015 (C), and 2020 (D) to highlight temporal changes in the number 
of wolves hunted or trapped at the county level in Washington (WA), Oregon (OR), Idaho (ID), and Montana (MT). White indicates zero wolves hunted or trapped, and 
darker shades of orange indicate higher numbers of wolves hunted or trapped.
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Fig. 6. Geographic distribution of livestock predated. We use four select time periods, 2005 (A), 2010 (B), 2015 (C), and 2020 (D) to highlight temporal changes in the 
number of livestock predated by wolves at the county level in Washington, Oregon, Idaho, and Montana. White indicates zero livestock predated, and darker shades of 
blue indicate higher numbers of livestock predated.

Fig. 7. Geographic distribution of lethal removal of wolves by government agencies. We use four select time periods, 2005 (A), 2010 (B), 2015 (C), and 2020 (D) to 
highlight temporal changes in the number of wolves lethally removed by government agencies at the county level in Washington, Oregon, Idaho, and Montana. White 
indicates zero lethal removals, and darker shades of green indicate higher numbers of lethal removals.
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US Census American Community Survey (53). As some of our 
modeling approaches do not handle extremely skewed indepen-
dent variables well, we log-transformed the number of cattle and 
the number of harvested elk.

Statistical analysis
To estimate the effect of public wolf harvest on livestock depre-
dation, we take advantage of the within-county variation in the in-
dependent variable, i.e., wolves hunted, over time. That is, our 
models test whether levels of wolf hunting that are higher (lower) 
for a county, compared to itself, are associated with higher (lower) 
levels in the outcome. We follow two slightly different analytical 
approaches: first, difference-in-differences panel modeling, and 
second, dynamic panel modeling (a form of structural equation 
modeling).
Difference-in-differences panel modeling
First, we consider our dataset as a case for difference-in-differences 
panel modeling. Conceptually, this approach compares the differ-
ence in the outcome of units before and after being “treated” (i.e., 
counties in which legal wolf hunting occurred) to the difference in 
the outcome between the same time points for control units (i.e., 
counties in which wolf hunting never happened). This allows one to 
disregard any time-invariant differences between counties (such as 
the percent of federal land) and time-variant factors that affect all 
counties equally (such as changing climate). The main threat to 
identify causality is the existence of unmeasured time-variant, unit-
variant confounders.

The classic technique to pursue this strategy is the TWFE model. 
In our case, this model regresses the outcome yit (i.e., livestock 
depredation or government removals) on an indicator for the geo-
graphic unit αi (i.e., county), an indicator for the time period μt (i.e., 
year), the independent variable xit (i.e., wolves hunted, either as con-
tinuous or binary variable), a vector of controls Zit (i.e., drought 
level, elk harvests, number of cattle, population size, median age, 
and median household income), and the outcome level of the previ-
ous year yit−1. As both outcomes are an overdispersed, non-negative 
variable, we use a negative binomial model. Formally, it can be written 
as follows, with β1 being the coefficient of interest

TWFE models have been found to be potentially biased when the 
treatment occurs at different time points across units and units move 
in and out of treatment (54), which is the case in our data. Hence, we 
alternatively apply the recently developed PanelMatch algorithm 
(27). Briefly, the algorithm matches counties that receive treatment 
(i.e., wolves hunted) after previously being untreated to control coun-
ties (i.e., no wolves hunted) with identical treatment histories, mak-
ing the matched sets as similar as possible using a set of covariates 
(i.e., drought level, elk harvests, number of cattle, population size, 
median age, median household income, and presidential vote). As a 
refinement method, we use the Mahalanobis distance with a match 
set of 10 and a lag of eight periods. The approach then computes a 
difference-in-differences estimate by comparing treated units to their 
matched controls.

In contrast to TWFE, PanelMatch does not allow for a continu-
ous treatment. As the number of wolves hunted is continuous, both 
approaches therefore have their strengths and weaknesses, and we 
present results from both. Across both models, we run two versions 
of all our models: one modeling the effect of wolf harvests on the 
outcomes in the same year, and another modeling the effect on the 
outcomes in the subsequent year.
Dynamic panel modeling
The problem of classic difference-in-differences-style panel model-
ing is that it does not allow for the independent variable of one 
period to be influenced by the dependent variable of an earlier 
period. This is likely in our case: Although we are interested in 
whether public wolf hunting reduces livestock depredation, it is 
likely that the level of livestock depredation in a county influences 
the number of hunted wolves, as wolf hunting is partly a reaction 
to livestock depredation. Structural equation modeling (SEM), 
particularly the tradition of cross-lagged panel modeling, accom-
modates for such two-directional causalities. Hence, as a second 
strategy, we estimate the “dynamic panel model” (28). The estima-
tion method proposed by Allison et al. (28) also performs well for 
highly skewed distributions.

Formally, the model can be portrayed by the two following equa-
tions. In the first equation, yit represents the outcome; αi represents 
the effect on the outcome of all unobserved, time-constant variables 
(i.e., the county fixed effect); μt represents the effect of unobserved 
factors that vary over time but are constant across units (i.e., the year 
fixed effect); and Zit represents the vector of controls. The outcome 
is regressed on the lagged version of both the outcome, yit−1, and the 
predictor, xit−1, with the coefficient of interest being β1

The key ingredient of SEM is to simultaneously estimate a sec-
ond equation shown below, which regresses the predictor on its 
lagged version xit−1, on the lagged outcome yit−1 and again a coun-
ty effect ηi, a year effect τt, and a vector of controls Zit. In contrast 
to other recently developed cross-lagged models [e.g., the random-
intercept cross-lagged model by (55)], the dynamic model specifies 
the unit effects αi and ηi as “fixed,” which makes it as comparable as 
possible to our TWFE and PanelMatch specifications.

Same as all structural equation models, the dynamic panel model 
can be illustrated with a path diagram, which we do in Fig. 8. For 

yit ∼ NB(μ, k)

μit = exp
(

αi+μt+β1xit+β2yit−1+β3Zit+ϵit
)

yit = αi + μt + β1xit−1 + β2yit−1 + β3Zit + ϵit

xit = ηi + τt + γ1xit−1 + γ2yit−1 + γ3Zit + ϵit

Fig. 8. Path diagram of DPM testing the effect of wolf hunting (“hunt”) on live-
stock depredation (“pred”). The paths of interest are highlighted in red, and for 
simplicity, we exclude paths from 2011 to 2019 as indicated by the dashed lines.
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easier illustration, we only show the model testing effects on live-
stock depredation and omit covariates from the graph. We also only 
show the first and last years (intermediate time period indicated by 
dashed lines).

Note that because age, population, and income vary little over 
time, some of the dynamic models do not converge when includ-
ing them as controls, so we do not include them in Zit. We run 
two different specifications of the above model. First, as drought 
is constant across counties in 2011 and thus the model does not 
converge, we run one version using data from 2012 onwards, 
controlling for elk harvests and drought levels. Second, we esti-
mate a model using data from 2009 onward, but not controlling 
for drought. The data are restricted to post-2009 because the 
SEM framework only works with data that varies across counties 
(i.e., there must be counties with wolf hunting and without wolf 
hunting). In both specifications, we use full information maxi-
mum likelihood to account for missing data and apply maxi-
mum likelihood estimation with robust (Huber-White) SEs. We 
allowed the coefficients of both predictor and outcome to vary 
over time period and reported a weighted average of the coeffi-
cient of the predictor.
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