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Hunters select for behavioral traits
In a large carnivore

M. Leclerc®?, A. Zedrosser?3, J. E. Swenson*® & F. Pelletier!

Human harvest can induce selection on life history and morphological traits, leading to ecological
and evolutionary responses. Our understanding of harvest-induced selection on behavioral traits is,
however, very limited. Here, we assessed whether hunters harvest, consciously or not, individuals
with specific behavioral traits. We used long-term, detailed behavioral and survival data of a heavily
harvested brown bear (Ursus arctos) population in Sweden. We found that hunters harvested male
bears that were less active during legal hunting hours and had lower movement rates. Also, hunters
harvested male and female bears that used habitats closer to roads. We provide an empirical example
that individual behavior can modulate vulnerability to hunting and that hunters could exert a selective
pressure on wildlife behaviors. This study increases our understanding of the complex interactions
between harvest method, human behavior, and animal behavior that are at play in harvest-induced
selection and provides better insight into the full effects of human harvest on wild populations.

Humans are considered an important driver of phenotypic changes in wild populations'?. Phenotypic changes,
including both plastic and genetic responses, have been documented in the wild, and meta-analyses suggest that
trait changes occur at a faster rate in anthropogenic landscapes, particularly when humans act as predators and
harvest wild populations®*. Mortality due to human harvest typically differs from natural mortality, because
in most harvest systems humans often harvest adult individuals, which usually show high survival when not
harvested®. Human harvest is also often nonrandom and commonly harvest specific phenotypes®’, such as in
size-selective fisheries or trophy hunting, which might result in harvest-induced selection and evolution®.
Empirical studies have documented evolutionary changes in morphological and life-history traits in response
to size-selective harvest>!?. Trophy hunting of male bighorn sheep (Ovis canadensis) has been suggested to select
and cause evolution towards smaller horn size'. There is, however, an ongoing debate whether hunting may
induce contemporary evolution in terrestrial ecosystems!'2. On the other hand, harvest-induced selection and
evolution in fisheries is well documented and accepted. For instance, harvest was shown to reduce annual body
growth and induce maturation at a lower age and smaller size in several harvested fish populations'*'. Biro
and Post'” showed that size-selective harvesting also may induce selection on behavioral traits. In a whole-lake
experiment, fast-growing and bold rainbow trout (Oncorhynchus mykiss) were more likely to be caught in gillnets
compared to slow-growing and shy individuals'. This result highlights that harvest-induced selection on behav-
iors might be widespread, given the important use of size-selective harvest methods in fisheries. Empirical tests
for such predictions from wild populations, however, remains scarce, particularly for terrestrial ecosystems'®.
The goal of this study was to investigate if hunters harvest, consciously or not, individuals with specific behav-
ioral traits and thereby induce selection on behaviors in a heavily harvested terrestrial carnivore population!”!8,
We used detailed behavioral information derived from GPS relocations and activity sensors from individually
marked brown bears (Ursus arctos) in a Swedish population. Brown bear hunting in Sweden takes place in the
fall and hunting quotas are set at the county level. As long as the quota has not been filled, there is no limit on the
number of bears that an individual hunter can harvest'®. During the study period (2003-2016), baiting was not
allowed, and most hunters used unleashed baying dogs (maximum 2 dogs) to find and track bears'. Dogs were
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Figure 1. Predicted (solid line) variation and 95% CIs (dashed lines) in rates of movement (log-transformed)
for the most parsimonious model tested for male and female brown bears in Sweden (2003-2016). Shown are
the effect of the time of day (panel A,B) and Julian date (panel C) for males (panel A,C) and females (panel B).
Julian date 0 represents the start of the hunting season. Violin plots in the background represent the distribution
of raw data.

released from the leash when they picked up a bear’s scent. Hunters then followed the dogs and tried to harvest
the bear.

Here, we assessed hypotheses that explored the behavioral differences of harvested bears and those that sur-
vived the hunting season. First, we tested whether bears that survive more hunting seasons display behaviors that
reduce their probability of encountering hunters, and we predicted that bears that survive more hunting seasons
would use habitats farther from roads. We also explored if hunters harvest bears that are more active and poten-
tially leave more tracks and scent that can be picked up by a hunting dog. Based on this hypothesis, we expected
that bears that survive more hunting seasons would have lower rates of movement and be less active during legal
hunting hours. Alternatively, bears that are more active may escape approaching dogs and hunters more easily
than inactive bears. Based on this alternative hypothesis, we predicted that bears that survive more hunting sea-
sons would have higher rates of movement and be more active during legal hunting hours.

Results

The database included 32,849 rates of movement (distance travelled in 1h) from 41 males (87 bear-years) and
35,821 rates of movement from 37 females (92 bear-years) during 2003 to 2016. For male rates of movement, the
most parsimonious model (Table S1) included a negative effect of age (Figure S1, estimated degree of freedom
[edf] =2.255, p-value < 0.001), the time of day by hunting season fate (Fig. 1A, p-value < 0.001), and Julian date
by hunting season fate (Fig. 1C, p-value < 0.001). Predictions suggested that, at 04:00, males that died during a
hunting season moved twice as fast as males that survived a hunting season (245 m/h vs 125m/h), although that
trend was reversed at 09:00 (Fig. 1A; died =42 m/h and survived =81 m/h). The male model’s marginal R* was
23.3%. The most parsimonious model (Table S1) for female rates of movement included a negative effect of age
(Figure S2a, edf=1.891, p-value < 0.001) and Julian date (Figure S2b, edf =3.347, p-value < 0.001), and time of
day by hunting season fate (Fig. 1B, p-value < 0.001). Predictions suggested that, at 04:00, females that died dur-
ing a hunting season moved significantly more than females that survived a hunting season (206 m/h vs 126 m/h),
but there were no important differences in rates of movement during the high mortality risk period (Fig. 1B).
The female model’s marginal R* was 24.4%. We found that rates of movement were significantly repeatable across
individuals for males (R=0.123, p-value < 0.001) and females (R=0.118, p-value < 0.001).

The database for activity pattern (obtained from dual-axis motion activity sensors) included 3,356 daily val-
ues from 38 males (82 bear-years) and 4,145 daily values from 37 females (92 bear-years) during 2003 to 2016.
The most parsimonious model (Table S2) for male activity patterns included a negative effect of age (Figure S3a,
edf=3.507, p-value < 0.001), a positive effect of the remaining lifespan (Fig. 2, edf =1, p-value < 0.001), and
the variable Julian date (Figure S3b, edf =5.038, p-value < 0.001). The male model’s marginal R* was 10.5%. For
female activity patterns, the most parsimonious model (Table S2) only included age (Figure S4a, edf=3.039,
p-value =0.016) and Julian date (Figure S4b, edf =5.165, p-value < 0.001). The female model’s marginal R* was
4.1%. Activity patterns were significantly repeatable across individuals for males (R = 0.284, p-value < 0.001) and
females (R=0.369, p-value < 0.001).

The mean daily distance to a road included 2,566 and 3,711 values from 31 males (69 bear-years) and 35
females (81 bear-years), respectively, during 2003 to 2016. For males’ mean daily distance to a road, the most
parsimonious model (Table S3) included a negative effect of road density (Table 1, 3 =—0.706, p-value < 0.001),
Julian date (Table 1, 3 =—0.001, p-value =0.026), and a positive effect of the remaining lifespan (Fig. 3A,
3=0.053, p-value=0.001). Age (3=0.007, p-value = 0.355) also was included in the most parsimonious model,
but its 95% confidence intervals included 0 (Table 1). The male model’s marginal R* was 20.5%. For females’
mean daily distance to a road, the most parsimonious model (Table S3) included a negative effect of road den-
sity (Table 1, 3 =—0.406, p-value = 0.005) and Julian date (Table 1, 3 =—0.002, p-value < 0.001), and a positive
effect of the remaining lifespan (Fig. 3B, 3=0.037, p-value < 0.001). Age (3 =—0.001, p-value = 0.844) also was
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Figure 2. Predicted (solid line) variation and 95% Cls (dashed lines) in male brown bear activity patterns from
the most parsimonious model tested. Shown is the relationship between activity pattern and the remaining
lifespan. Values of —1 and 1 indicates that all activity occurred during nonhunting and hunting hours,
respectively. Violin plots in the background represent the distribution of raw data.
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Figure 3. Predicted (solid line) variation and 95% ClIs (dashed lines) in the daily mean distance to roads in
function of the remaining lifespan from the most parsimonious model tested for male (panel A) and female
(panel B) brown bears in Sweden (2003-2016). Violin plots in the background represent the distribution of raw

data.
Male (n=31) Female (n=35)

Variable B Lower C.I. | UpperC.I. | 3 Lower C.I. | Upper C.I.
Intercept 6.265 5.871 6.658 6.087 5.779 6.396
Home range road ~0.706 | —1.089 —0.323 ~0.406 | —0.680 ~0.133
density*

Bear age 0.007 —0.008 0.021 —0.001 —0.014 0.012
Julian date** —0.001 —0.003 —0.000 —0.002 —0.003 —0.001
Remaining lifespan 0.053 0.023 0.082 0.037 0.018 0.055

Table 1. Coefficients (3) and their 95% confidence intervals (C.I.) of the most parsimonious model that
explained variation in the daily mean distance to roads of male and female brown bears in Sweden (2003-2016).
*km of roads/km? **where 0 =21 August, i.e., the start of the hunting season. Coefficients with C.I. that do not
overlap with 0 are shown in bold.
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included in the most parsimonious model, but its confidence intervals included 0 (Table 1). The female model’s
marginal R* was 27.9%. Mean daily distances to a road were significantly repeatable across individuals for males
(R=0.225, p-value < 0.001) and females (R=0.281, p-value < 0.001).

Discussion

Using a long-term behavioral dataset from a harvested population in a terrestrial ecosystem, we tested if hunters
harvested individuals with specific behavioral traits in a heavily harvested terrestrial carnivore population. Using
detailed individual-based behavioral information from brown bears in Sweden, we showed that both males and
females with greater remaining lifespan were found farther away from roads than individuals with lower remain-
ing lifespan. We also showed that males with greater remaining lifespan were more active during legal hunting
hours compered to males with lower remaining lifespan. Finally, we showed that males and females that were har-
vested in a given year expressed different rates of movement throughout the day than males and females that were
not harvested. Differences in behaviors were repeatable across individuals for both males and females. Therefore,
we provide evidence that hunting mortality is correlated to bear behaviors and that hunting likely exerts a selec-
tive pressure on the behavior of Scandinavian brown bears.

We showed that bears with a greater remaining lifespan were found farther from roads (Fig. 3). This result can
likely be explained by hunters actively using the road network to move across the landscape and access hunting
posts, thereby increasing the probability of detecting a bear close to roads, which results in bears being harvested
closer to roads. A previous study in the same bear population found higher mortality risk in habitats closer to
roads®. A similar pattern also was found in Canada, where hunters preferentially killed brown bears and elk
(Cervus elaphus) that were closer to roads*"*>. We also found that male bears that are more active during legal
hunting hours and have higher rates of movement may better avoid being killed by hunters. We hypothesized that
male bears that were usually more active and had higher rates of movement during the high mortality risk period
may initiate the escape from hunting dogs more quickly, which may increase their survival probability, compared
to bears that were more inactive and stationary during the high mortality risk period®. Indeed, hunters and their
dogs are not always successful even when finding recent bear tracks, as bears are able to escape by moving away
from the dogs and hunters?®. Although the probability of a bear escaping when chased by dogs and hunters is
unknown in our study population, it has been shown that American black bears (Ursus americanus) can escape
and survive 75-86% of the times they were chased by hunting dogs**. Higher rates of movement, however, may
not always translate into higher probability of escaping hunters. For instance, Ciuti et al.*! showed that elk that
died from hunting had higher rates of movement compared to elk that survived. In their study systems, elk with
higher rates of movement might have been more easily detected by hunters searching for them using binoculars
and spotting scopes?'. Therefore, different harvest regulations and hunting strategies used by humans might influ-
ence the direction of the selective pressure caused by harvest.

Contrary to males, we did not detect hunter selection for females’ activity patterns or rates of movement dur-
ing the high mortality risk period. We suggest that the Swedish hunting regulations might reduce the strength of
the selective pressure on females. Indeed, family groups are legally protected from hunting and offspring stay with
their mother for 1.5 years or 2.5 years’. Therefore, female bears can usually be legally harvested only every 2 or 3
year, in contrast to males, which can be legally harvested every year.

We found evidence that hunting may disrupt the activity patterns of bears?. Bears become more day active
during hyperphagia (time period during summer and fall when bears try to accumulate adipose tissue for hiber-
nation), however, this trend stopped and was even reversed with the onset of the hunting season (Figure S3-54).
Similar patterns were observed by Ordiz et al.?, who showed that bears are more active during the night after the
onset of the hunting season. With advancing age, bears also tended to be more night active and had lower rates of
movement (Figure S1-54). Such behavioral plasticity within and among hunting seasons might not be adaptive,
as bears that had greater remaining lifespan or survived a hunting season were more day active and had higher
rates of movement, respectively.

Predicting the consequences of harvest-induced selection on behavioral traits in harvested populations can
be complex, but a recent framework in fisheries suggest that passive gear should harvest bolder individuals and
lead to a timidity syndrome in the harvested population, whereas active gear should harvest shyer individuals
and lead to a boldness syndrome®®?’. This framework accounts for the interplay between the harvest method and
animal behavior, but it may allow broader predictions if it also accounts for human behavior and harvested spe-
cies ecology®®*?. For instance, in terrestrial ecosystems, we known human access is an important driver explain-
ing distribution of hunting mortalities?**°. Therefore, we proposed that, at a larger spatial scale, behaviors that
increases the encounter probability between an animal and a hunter or a fishing gear should be selected against by
harvesting. At a smaller spatial scale, once an animal is in the vicinity of a hunter or of fishing gear, bolder individ-
uals will be more vulnerable to passive harvest methods and shyer individuals will be more vulnerable to active
harvest methods!®*%2731, Also, one must carefully integrate information about the harvested species’ ecology and
behavior. For instance, in terrestrial ecosystems, rates of movement may influence both the probability of being
detected by dogs or hunters and the probability to escape hunting dogs and hunters. In our population, we know
that bears sometimes do escape hunters and their dogs. Other species, however, like the cougar (Puma concolor),
could be more likely to climb a tree when chased by dogs, which increases the probability of being harvested**.
Therefore, we propose that rates of movement can be selected for (when detection probability < probability of
escaping dogs) or against (when detection probability > probability of escaping dogs), depending on a species’
ecology. More studies in both marine and terrestrial ecosystems are needed to test this updated framework and
better understand the complex interactions at play in behavioral harvest-induced selection.

To test predictions of harvest-induced selection on behavioral traits with the proposed framework, the behav-
iors from individuals must be correctly identified as “bold” or “shy”. However, this is not a trivial exercise. For
instance, repeatable individual variation in habitat selection of bogs has been shown in our population®?, but it
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would be tenuous to infer that one bear is bolder than another based on this behavior. To make comparisons
between studies more feasible and to develop more general predictions, we propose to use behaviors shown or
predicted to be under selection, rather than an imprecise secondary term such as “boldness™*3,

In this study, we explored behavioral differences between bears that died and bears that survived hunting sea-
sons. We showed correlations between two proxies of bear survival (hunting season fate and remaining lifespan)
and bear behaviors during hunting season, suggesting that hunters exert a selective pressure on behavioral traits.
Such selective pressure can have important ecological and evolutionary implications®-*". For instance, changes
in behavioral traits caused by harvest-induced selection on male rates of movement could influence the occur-
rence of sexually selected infanticide in our population®*-*, which is known to affect population dynamics'®442
Harvest can also cause ecological effects on other species than the one harvested*>¢. For instance, the brown bear
is a top predator and a great seed disperser, thus behavioral changes in bears could influence both top-down and
bottom-up processes**~*°. Ecological effects of harvest-induced traits changes have not been quantified in our
population, but have been observed in other systems®*. To document evolutionary effects of harvest, one must
show that traits are variable between individuals (repeatable), that the traits are under selection, and that the traits
are heritable. Here, we did find repeatable individual differences in behaviors*>*S that were associated with fitness
proxies. It is unknown, however, if those behavioral traits are heritable. Nevertheless, meta-analyses suggest that
behaviors usually have a higher heritability than life history traits*”*. Therefore, behavioral harvest-induced evo-
lution could occur in our brown bear population.

We provide empirical evidence that individual behavior can modulate vulnerability to hunting. Our results,
when compared to other studies on harvest-induced selection, suggest that harvest regulations and human behav-
ior may influence the direction of selection imposed by harvest. By better integrating the marine and terrestrial
literature on harvest-induced selection and by developing collaborations, we should be able to better understand
and quantify the full effects of human harvest on wild populations.

Methods

Study area. The study area was located in southcentral Sweden (61°N, 15°E) and is comprised of bogs, lakes,
and intensively managed coniferous forest stands of variable ages. The dominant tree species were Norway spruce
(Picea abies), Scots pine (Pinus sylvestris), and birches (Betula spp.). Elevations ranged between 150 and 1000 m
asl. The study area is intersected with a dense network of forest roads. Human population density is among the
lowest in the European brown bear range, with humans concentrated in villages in the northern and southern
parts of the study area. Small settlements and isolated houses are scattered throughout the area. See Martin et al.*
for further information about the study area.

We captured 79 brown bears (41 males and 38 females) from a helicopter (2003-2016) using a remote drug
delivery system (Dan-Inject, Berkop, Denmark). We extracted a vestigial first premolar for age determination
from each individual not captured as a yearling with its mother®’. See Fahlman et al.! for further details on
capture and handling. We equipped bears with GPS collars (GPS Plus; Vectronic Aerospace, Berlin, Germany)
programed to relocate a bear every hour. Collars also included dual-axis motion activity sensors that measured
acceleration in two orthogonal directions. Measures of acceleration were averaged every 5 minutes and stored in
the collar. All captured bears were part of the Scandinavian Brown Bear Research Project and all experiments, cap-
tures and handling were performed in accordance with relevant guidelines and regulations and were approved by
the appropriate authority and ethical committee (Naturvardsverket and Djuretiska ndmden i Uppsala, Sweden).

Brown bear hunting in Sweden starts on 21 August and the hunting season lasts until the scheduled season
end date (15 October in the study area) or until the harvest quota is reached (whichever comes first). Legal hunt-
ing hours (hereafter ‘hunting hours’) in Sweden last from one hour before sunrise until two hours before sunset.
Members of family groups, i.e. females accompanied by offspring of any age, are protected and cannot be legally
harvested®. Trophy hunting targeting large bears is rare, but financially motivated guided hunts have increased
in Sweden in recent years'**2,

Data handling. We used information from GPS collars and dual-axis motion activity sensors from individual
bears in years when they could be legally harvested (i.e., were not in a family group). For each bear, we used data
from 1 August to 30 September each year (hereafter “bear-year”) to cover the period before and after the start of
the hunting season. We screened GPS relocation data and removed GPS fixes with dilution of precision values
>10 to increase spatial accuracy (~2 to 4% of bear GPS relocations). We then used these GPS data to quantify
two behavioral traits that may affect vulnerability to hunting, i.e., rate of movement and distance to closest road.
Rate of movement was calculated as the Euclidian distance traveled by a bear during a 1-hour interval using the
“adehabitatLT” package in R 3.4.4%. Proximity to road was calculated with the “rgeos” package and defined as
the Euclidian distance between GPS relocations of bears and the closest road using maps of the Swedish National
Road Database from the Swedish Transport Administration (© Trafikverket). We averaged the daily Euclidian
distances to the closest road for easier model convergence and we calculated road density within each “bear-year”
home range.

The third behavioral trait, activity pattern, was quantified using data from dual-axis motion activity sensors.
For each individual, we calculated a daily index of activity during hunting hours, corrected for daylight changes,
following Hoogenboom ef al.>:

SA,  SAy
Dy Dup
SA, | SA,
Dy Dy
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where SAh and SAnh are the sum of activity values during hunting hours and nonhunting hours, respectively,
and where Dh and Dnh are the duration of hunting hours and nonhunting hours, respectively. This index ranges
between —1 and 1, where —1 represents a bear that is only active during nonhunting hours, and 1 represents a
bear that is only active during hunting hours.

Statistical analysis. Because we wanted to investigate the direction of harvest-induced selection on behav-
iors, we used behavioral information from bears that had died from hunting (88.3% of bears that died during
the study period; other mortality causes were unknown (8.5%), management (1.2%), vehicle collision (1.2%),
and capture (0.8%)). We have modeled behavior (dependent variable), not survival, because modeling behaviors
allowed us to include control covariates, such as age and Julian date, which are known to influence behavioral
traits [as done in Ciuti et al.*']. In addition to control covariates, we included one of two variables describing
bear longevity to show differences between bears that died and those that survive. The first variable was hunting
season fate, a dummy variable describing whether the bear was harvested or not during the hunting season. The
second variable was initially age at death (lifespan), but it was highly correlated (r > 0.9) with age. We therefore
used the remaining lifespan, i.e. the interval between the year of behavioral data collection and the year the bear
was harvested. The remaining lifespan was not collinear with age (r < 0.35) and all Variation Inflation Factors
(VIF) <3 when both variables were included in the same model. We ran candidate models for each sex separately.

To model rates of movement (dependent variable), we used general additive mixed models (“mgcv” package)
of the Gaussian family, which allow flexible specification of the relationships, instead of being forced to be linear
or quadratic®. Due to convergence issues and to avoid extensive computational time (>months), we focused on
modeling the behavior of individual bears from 02:00 to 12:00, which included the period of the day with the
highest hunting mortality risk for brown bears in our study area (around 07:00, see Fig. 1 in Hertel et al.>®). We
tested a set of candidate models constructed hierarchically (Table S1), based on the following independent varia-
bles: hour of day, Julian date, age of the bear, hunting season fate, and the remaining lifespan. We log-transformed
movement data to fulfill assumptions of normality of residuals and homogeneity of variance. We also used general
additive mixed models to model activity patterns (dependent variable) and, as for modeling rates of movement,
we tested a set of candidate models constructed hierarchically (Table S2), based on the following independent
variables: Julian date, age of the bear, hunting season fate, and the remaining lifespan. We modeled the mean daily
distance to the closest road (dependent variable) with linear mixed models (“nlme” package) instead of general
additive mixed models, because all relationships with the independent variables were linear. We again tested a
set of candidate models constructed hierarchically (Table S3), based on the following independent variables:
Julian date, road density in the home range, age of the bear, hunting season fate, and the remaining lifespan.
The mean daily distance to the closest road was log-transformed to fulfill statistical assumptions. All candidate
models tested included “bear-year” nested in “Bear ID” as random intercepts and an AR1 function controlling
for temporal autocorrelation. All candidate models were ranked using AICc®. We also calculated the adjusted
(i.e. conditional on the model’s fixed effects) behavioral repeatability (R) of the most parsimonious model using:

2
SBeurlD

SéeaﬂD + Shzearyear + Srzesidual
where S, is the variance among individuals, S7, aryear 18 the variance across years within individuals, and S} sidual
is the residual variance of the model, i.e. the variance within individuals within a year. Repeatability varies
between 0 and 1, where 0 suggests that there is no variation among individuals, and 1 suggests that all variation
observed is due to individual differences. All spatial and statistical analyses were performed in R 3.4.4%. This
manuscript is part of M. Leclerc PhD thesis®.

Data and Code Availability

All data and code are available in supplementary materials.

References
1. Palumbi, S. R. Humans as the World’s greatest evolutionary force. Science 293, 1786-1790 (2001).
2. Pelletier, F & Coltman, D. W. Will human influences on evolutionary dynamics in the wild pervade the Anthropocene? BMC Biol.
16,7-7 (2018).
3. Hendry, A. P, Farrugia, T. J. & Kinnison, M. T. Human influences on rates of phenotypic change in wild animal populations. Mol.
Ecol. 17, 20-29 (2008).
4. Darimont, C. T. et al. Human predators outpace other agents of trait change in the wild. PNAS 106, 952-954 (2009).
5. Darimont, C. T, Fox, C. H,, Bryan, H. M. & Reimchen, T. E. The unique ecology of human predators. Science 349, 858-860 (2015).
6. Fenberg, P. B. & Roy, K. Ecological and evolutionary consequences of size-selective harvesting: how much do we know? Mol. Ecol.
17, 209-220 (2008).
7. Van de Walle, J., Pigeon, G., Zedrosser, A., Swenson, J. E. & Pelletier, F. Hunting regulation favors slow life histories in a large
carnivore. Nat. Comm. 9, 1100-1100 (2018).
8. Allendorf, F. W. & Hard, J. ]. Human-induced evolution caused by unnatural selection through harvest of wild animals. PNAS 106,
9987-9994 (2009).
9. Uusi-Heikkild, S. et al. The evolutionary legacy of size-selective harvesting extends from genes to populations. Evol. Appl. 8, 597-620
(2015).
10. Pigeon, G., Festa-Bianchet, M., Coltman, D. W. & Pelletier, E. Intense selective hunting leads to artificial evolution in horn size. Evol.
Appl. 9,521-530 (2016).
11. Boyce, M. S. & Krausman, P. R. Controversies in mountain sheep management. J. Wild. Manage. 82, 5-7 (2018).
12. Mysterud, A. Selective harvesting of large mammals: how often does it result in directional selection? J. Appl. Ecol. 48, 827-834
(2011).
13. Jorgensen, C. et al. Ecology: Managing evolving fish stocks. Science 318, 1247-1248 (2007).
14. Heino, M., Diaz Pauli, B. & Dieckmann, U. Fisheries-induced evolution. Ann. Rev. Ecol. Evol. Sys. 46, 461-480 (2015).

SCIENTIFIC REPORTS |

(2019) 9:12371 | https://doi.org/10.1038/s41598-019-48853-3


https://doi.org/10.1038/s41598-019-48853-3

www.nature.com/scientificreports/

15.
16.
17.
18.
19.
20.

21.
22.

23.

27.
28.
29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
40.

41.
. Gosselin, J., Zedrosser, A., Swenson, J. E. & Pelletier, . The relative importance of direct and indirect effects of hunting mortality on

43.
44,

45.
. Hertel, A. G. et al. Don’t poke the bear: using tracking data to quantify behavioural syndromes in elusive wildlife. Anim. Behav. 147,

47.
48.
49.
50.
51.
52.

53.
. Hoogenboom, 1., Daan, S., Dallinga, J. H. & Schoenmakers, M. Seasonal change in the daily timing of behaviour of the common

55.
56.

57.

58.

Biro, P. A. & Post, J. R. Rapid depletion of genotypes with fast growth and bold personality traits from harvested fish populations.
PNAS 105, 2919-2922 (2008).

Leclerc, M., Zedrosser, A. & Pelletier, . Harvesting as a potential selective pressure on behavioural traits. J. Appl. Ecol. 54, 1941-1945
(2017).

Bischof, R. et al. Regulated hunting re-shapes the life history of brown bears. Nat. Ecol. & Evol. 2, 116-123 (2018).

Frank, S. C. et al. Indirect effects of bear hunting: a review from Scandinavia. Ursus 28, 150-164 (2017).

Bischof, R., Fujita, R., Zedrosser, A., Soderberg, A. & Swenson, J. E. Hunting patterns, ban on baiting, and harvest demographics of
brown bears in Sweden. J. Wild. Manage. 72, 79-88 (2008).

Steyaert, S. M. J. G. et al. Ecological implications from spatial patterns in human-caused brown bear mortality. Wild. Biol. 22,
144-152 (2016).

Ciuti, S. et al. Human selection of elk behavioural traits in a landscape of fear. Proc. Roy. Soc. B 279, 4407-4416 (2012).

Nielsen, S. E. et al. Modelling the spatial distribution of human-caused grizzly bear mortalities in the Central Rockies ecosystem of
Canada. Biol. Cons. 120, 101-113 (2004).

Moen, G. K, Steen, O.-G., Sahlén, V. & Swenson, J. E. Behaviour of solitary adult Scandinavian brown bears (Ursus arctos) when
approached by humans on foot. PloS One 7, €31699 (2012).

. Inman, K. H. & Vaughan, M. R. Hunter effort and success rates of hunting bears with hounds in Virginia. Ursus 13, 223-230 (2002).
. Ordiz, A. et al. Do bears know they are being hunted? Biol. Cons. 152, 21-28 (2012).
. Diaz Pauli, B. & Sih, A. Behavioural responses to human-induced change: Why fishing should not be ignored. Evol. Appl. 10,

231-240 (2017).

Arlinghaus, R. et al. Passive gear-induced timidity syndrome in wild fish populations and its potential ecological and managerial
implications. Fish and Fish. 18, 360-373 (2017).

Diekert, F. K., Richter, A., Rivrud, I. M. & Mysterud, A. How constraints affect the hunter’s decision to shoot a deer. PNAS 113,
14450-14455 (2016).

Rivrud, I. M., Meisingset, E. L., Loe, L. E. & Mysterud, A. Interaction effects between weather and space use on harvesting effort and
patterns in red deer. Ecol. Evol. 4,4786-4797 (2014).

Lebel, E, Dussault, C., Massé, A. & C6té, S. D. Influence of habitat features and hunter behavior on white-tailed deer harvest. J. Wild.
Manage. 76, 1431-1440 (2012).

Diaz Pauli, B., Wiech, M., Heino, M. & Utne-Palm, A. C. Opposite selection on behavioural types by active and passive fishing gears
in a simulated guppy Poecilia reticulata fishery. J. Fish Biol. 86, 1030-1045 (2015).

Leclerc, M. et al. Quantifying consistent individual differences in habitat selection. Oecologia 180, 697-705 (2016).

David, M. & Dall, S. R. X. Unravelling the philosophies underlying ‘Animal Personality’ studies: A brief re-appraisal of the field.
Ethol. 122, 1-9 (2016).

Beekman, M. & Jordan, L. A. Does the field of animal personality provide any new insights for behavioral ecology? Behav. Ecol. 28,
617-623 (2017).

Palkovacs, E. P, Kinnison, M. T., Correa, C., Dalton, C. M. & Hendry, A. P. Fates beyond traits: ecological consequences of human-
induced trait change. Evol. Appl. 5,183-191 (2012).

Palkovacs, E. P., Moritsch, M. M., Contolini, G. M. & Pelletier, F. Ecology of harvest-driven trait changes and implications for
ecosystem management. Front. Ecol. Environ. 16, 20-28 (2018).

Leclerc, M., Van de Walle, J., Zedrosser, A., Swenson, J. E. & Pelletier, F. Can hunting data be used to estimate unbiased population
parameters? A case study on brown bears. Biol. Let. 12, 20160197 (2016).

Leclerc, M., Frank, S. C., Zedrosser, A., Swenson, J. E. & Pelletier, F. Hunting promotes spatial reorganization and sexually selected
infanticide. Sci. Rep. 7, 45222 (2017).

Steyaert, S. M. J. G, Kindberg, J., Swenson, J. E. & Zedrosser, A. Male reproductive strategy explains spatiotemporal segregation in
brown bears. J. Anim. Ecol. 82, 836-845 (2013).

Frank, S. C. et al. Sociodemographic factors modulate the spatial response of brown bears to vacancies created by hunting. J. Anim.
Ecol. 87, 247-258 (2018).

Gosselin, J. et al. Hunting promotes sexual conflict in brown bears. J. Anim. Ecol. 86, 35-42 (2017).

the population dynamics of brown bears. Proc. Roy. Soc. B 282, 20141840-20141840 (2015).

Ordiz, A., Bischof, R. & Swenson, J. E. Saving large carnivores, but losing the apex predator? Biol. Cons. 168, 128-133 (2013).
Lalleroni, A., Quenette, P. Y., Daufresne, T., Pellerin, M. & Baltzinger, C. Exploring the potential of brown bear (Ursus arctos arctos)
as a long-distance seed disperser: a pilot study in South-Western Europe. Mammalia 81, 1-9 (2017).

Hamiléinen, A. et al. The ecological significance of secondary seed dispersal by carnivores. Ecosphere 8, 01685 (2017).

91-104 (2019).

Postma, E. Four decades of estimating heritabilities in wild vertebrate populations: improved methods, more data, better estimates?
In Quantitative Genetics in the Wild (Charmantier, A., Garant, D. & Kruuk, L.E.B. Eds), Oxford University Press, pp. 16-33 (2014).
Dochtermann, N.A., Schwab, T. & Sih, A. The contribution of additive genetic variation to personality variation: heritability of
personality. Proc. Roy.Soc. B 282, 20142201 (2015).

Martin, J. et al. Coping with human disturbance: spatial and temporal tactics of the brown bear (Ursus arctos). Can. J. Zool. 88,
875-883 (2010).

Matson, G. M. A laboratory manual for cementum age determination of Alaska brown bear first premolar teeth. Matson’s Laboratory,
Milltown, Montana, USA (1993).

Fahlman, A. et al. Physiologic evaluation of capture and anesthesia with medetomidine-zolazepam-tiletamine in brown bears
(Ursus arctos). J. Zoo Wildl. Med. 42, 1-11 (2011).

Swenson, J. E. et al. Challenges of managing a European brown bear population; lessons from Sweden, 1943-2013. Wild. Biol. 2017,
wlb.00251 (2017).

R Core Team. R: A language and environment for statistical computing, Vienna, Austria, (2018).

vole, Microtus arvalis. Oecologia 61, 18-31 (1984).

Wood, S. N. Generalized Additive Models: An Introduction with R. CRC Press, Boca Raton, Florida, USA, 476 p (2017).

Hertel, A. G. et al. Temporal effects of hunting on foraging behavior of an apex predator: Do bears forego foraging when risk is high?
Oecologia 182, 1019-1029 (2016).

Burnham, K.P. & Anderson, D.R. Model selection and inference: a practical information-theoretic approach. Springer-Verlag, New
York, NY, USA, 488 p (2002).

Leclerc, M. Conséquences écologiques et évolutives de la chasse chez lours brun (Ursus arctos) scandinave. PhD Thesis, Université de
Sherbrooke 198 p (2018).

SCIENTIFIC REPORTS |

(2019) 9:12371 | https://doi.org/10.1038/s41598-019-48853-3


https://doi.org/10.1038/s41598-019-48853-3

www.nature.com/scientificreports/

Acknowledgements

We thank S.M.].G. Steyaert for comments on previous versions of this manuscript. ML was supported financially
by NSERC (PGSD3-459489-2014) and FRQNT (172170). FP was funded by NSERC discovery grant (CRSNG
355492) and by the Canada research Chair in Evolutionary Demography and Conservation (CRC 229221). This
is scientific paper No. 279 from the Scandinavian Brown Bear Research Project, which was funded by the Swedish
Environmental Protection Agency, the Norwegian Environment Directorate, the Austrian Science Fund, and
the Swedish Association for Hunting and Wildlife Management. We acknowledge the support of the Center for
Advanced Study in Oslo, Norway, that funded and hosted our research project “Climate effects on harvested large
mammal populations” during the academic year of 2015-2016 and funding from the Polish-Norwegian Research
Program operated by the National Center for Research and Development under the Norwegian Financial
Mechanism 2009-2014 in the frame of Project Contract No POL-NOR/198352/85/2013.

Author Contributions

M.L., A.Z.,].E.S. and EP. conceived the study design; M.L. conducted the analyses and wrote the first manuscript
draft; M.L., A.Z., ].E.S. and E.P. contributed to revisions; A.Z. and J.E.S. coordinated the Scandinavian Brown Bear
Research Project.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48853-3.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12371 | https://doi.org/10.1038/s41598-019-48853-3


https://doi.org/10.1038/s41598-019-48853-3
https://doi.org/10.1038/s41598-019-48853-3
http://creativecommons.org/licenses/by/4.0/

	Hunters select for behavioral traits in a large carnivore

	Results

	Discussion

	Methods

	Study area. 
	Data handling. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Predicted (solid line) variation and 95% CIs (dashed lines) in rates of movement (log-transformed) for the most parsimonious model tested for male and female brown bears in Sweden (2003–2016).
	Figure 2 Predicted (solid line) variation and 95% CIs (dashed lines) in male brown bear activity patterns from the most parsimonious model tested.
	Figure 3 Predicted (solid line) variation and 95% CIs (dashed lines) in the daily mean distance to roads in function of the remaining lifespan from the most parsimonious model tested for male (panel A) and female (panel B) brown bears in Sweden (2003–2016
	Table 1 Coefficients (β) and their 95% confidence intervals (C.




