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Adapting a predictive spatial model for wolf Canis spp. predation on
livestock in the Upper Peninsula, Michigan, USA

Justin L. Edge, Dean E. Beyer, Jr., Jerrold L. Belant, Mark J. Jordan & Brian J. Roell

Wolves Canis spp. in the Great Lakes region have expanded into rural areas where livestock production occurs,
resulting in an increase of conflicts.We applied a predictive spatial model for livestock predations by wolves developed

by Treves et al. (2004; hereafter the ’2004 model’) to the Upper Peninsula (UP) of Michigan. The 2004 model did not
satisfactorily discriminate between townships with (57.1%) and without (65.7%) wolf predations (61.4% overall) that
occurred during 15 April 1996 - 14 April 2009. Consequently, we adapted the 2004 model based on deer density and
spatial data derived from theUP tomaximize themodel’s predictive ability in theUP.We usedmatched pair analysis of

six landscape variables significant in the 2004 model. Our adapted model improved on the 2004 model, and overall
discriminated 70% of townships in our sample (N¼70). Affected townships (i.e. townships with predations) in the UP
displayed a consistent set of landscape variables, including relatively higher proportions of pasture/hayfield and crops,

and relatively lower proportions of coniferous forest. We extrapolated from the 35 affected townships to the entire UP
to generate twomaps, available tomanagers for assistance in predicting townships at higher risk of livestock predation
bywolves. Aswolves continue to recover in theGreat Lakes region, predicting livestock predations bywolves can assist

managers in limiting the number of conflicts, as well as costs of control and compensation.
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Historically controversial throughout their range

(Young & Goldman 1944, Bibikov 1982, Linnell et

al. 1999, Treves &Karanth 2003,Musiani & Paquet

2004), wolf Canis spp. populations in the regions of

North America were reduced or extirpated, primar-

ily by human persecution in response to livestock

predations (Fritts et al. 1992, 2003, Treves et al.

2002, Bradley & Pletscher 2005). Wolf populations

have since recovered in several areas across North

America (Mech 1995,Wydeven et al. 1995, Bangs et

al. 1998). Wolf (purportedlyC. lupus, C. lycaon and

their hybrids; Wilson et al. 2000, Kyle et al. 2006,

Wheeldon & White 2009) recovery in the Great

Lakes region (GLR) was facilitated by the Endan-

gered Species Act and allowed dispersing individu-

als from Canada (Ream et al. 1991) and remnant

populations within the USA to repopulate the re-

gion (Fuller et al. 1992,Wydeven et al. 1995, Berg &

Benson 1999, Beyer et al. 2006). Much of the recent

range expansion of the GLR population has oc-

curred in areas with livestock production (Mech

1995, Linnell et al. 1999, Treves & Karanth 2003,
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Ruid et al. 2009). Because wolves prey on all ungu-
late species available, including livestock (Fritts et
al. 1992, 2003), an increase in conflicts and costs for
livestock protection and wolf control has been the
result (Ruid et al. 2009).

Currently, wolves in Michigan (USA) occur pri-
marily in the Upper Peninsula (UP; Michigan De-
partment of Natural Resources and Environment
(MDNRE), unpubl. data). Although the frequency
of wolf-livestock conflicts are lower in Michigan
than in other areas of the GLR (i.e. Wisconsin and
Minnesota; Ruid et al. 2009), predations remain an
important management issue. Managing wolf-
livestock conflicts in the UP involves the use of
non-lethal and lethal control implemented on a
case-by-case basis (Beyer et al. 2006). An improved
understanding of factors that influence predations
could reduce expenses for compensation and
control (Mech et al. 2000, Bradley 2004, Treves et
al. 2004, Bradley & Pletscher 2005).

Researchers have sought to identify the factors
(e.g. landscape characteristics) which best describe
areas where wolf predations on livestock occur
(Fritts et al. 1992, Mech et al. 2000, Treves et al.
2004, Bradley & Pletscher 2005). These factors
include dense vegetative cover (Fritts 1982, Bjorge
1983, Fritts et al. 1992), low road density (Potvin et
al. 2005) and availability of natural prey such as
white-tailed deerOdocoileus virginianus (Mech et al.
2000, Treves et al. 2004). Livestock husbandry
practices can also influence the predation risk. For
example, farm, pasture and herd size are predispos-
ing factors in the GLR (Mech et al. 2000, Treves et
al. 2004). Grazing livestock close to forestsmay also
increase the predation risk (Gunson 1983, Tompa
1983, Bjorge & Gunson 1985). However, modifica-
tions to habitat or husbandry practices may be
impractical at large spatial extents.

Predictive models and risk maps are increasingly
being applied to problems of spatial distribution of
wildlife and environmental issues (Venette et al.
2010). For wolfmanagers, these tools can be used to
prevent wolf-livestock conflicts by identifying the
areas at greatest risk to wolf predations on livestock
(Treves et al. 2004, Kaartinen et al. 2009). Manage-
ment actions guided by these models may reduce
conflicts and alleviate costs associated with com-
pensation, outreach and control (Bradley 2004).
Treves et al. (2004) developed a predictive spatial
model (hereafter the ’2004 model’) based on
landscape features associated with sites of wolf
predations on livestock in Minnesota and Wiscon-

sin during 1986-1998. Thoughwe cannot necessarily
assume that wolves will continue to predate on
livestock in the same way over time, Treves et al.
(2004) found that wolves preyed on livestock in
townships with higher proportions of pasture/hay-
field and higher densities of deer combined with low
proportions of croplands, coniferous forest, herba-
ceous wetlands and open water.
The GLR contains a mosaic of publicly and

privately owned forests, agricultural areas and
housing, typically in a rural setting, which has
favoured recolonization by wolves (Mladenoff et al.
1997). Though land uses, habitat types, livestock
husbandry practices andpatterns ofwolf predations
on livestock are similar across the GLR (Ruid et al.
2009), there are differences within the region. Thus,
our goal was to assess the initial predictive accuracy
of the 2004 model in the UP and then if needed,
adapt it to the UP to maximize its predictive ac-
curacy locally.

Material and methods

Efficacy of the 2004 model in Michigan

Treves et al. (2004) developed the following linear
equation using a single-sample discriminant func-
tion analysis (Morrison 1990), to calculate relative
risk (R) of wolf predation on livestock inWisconsin
and Minnesota:

R ¼ 0:63 pasture=hayfieldþ 0:22 deer density-

ð0:10 coniferous forestþ 0:29 cropsþ 0:12

emergent wetland þ 0:14 open waterÞ ð1Þ:

This model used survey townships (White 1983;
92.16 km2) as the spatial resolution and included
landscape variables (% area/township) and deer
density (deer/km2) as independent variables. The
public land survey system refers to a square unit of
land, which is nominally sixmiles (9.7 km) on a side.
Each 36 square mile (93 km2) township is divided
into 36 one-squaremile (2.6 km2) sections, and each
section covers exactly 640 acres (2.6 km2).
We combined deer density estimates and the

following spatial data sets from the UP to evaluate
the 2004model’s initial predictive capability: 1) wolf
population range in Michigan since 1996, 2) loca-
tions of all 87 verified wolf predations on livestock
during 15 April 1996 - 14 April 2009 and 3) 2001
remotely sensed land-cover data. We considered
wolf range in Michigan to consist of the mainland
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UP (about 42,610 km2) based on MDNRE radio-
telemetry data (D. Beyer, MDNRE, unpubl. data)
and winter snow track surveys (Michigan Depart-
ment of Natural Resources 2008). We included all
verified wolf predation events involving livestock
(N ¼ 87) that occurred during 15 April 1996 - 14
April 2009, provided byMDNRE.We considered a
verifiedpredation event to consist of� 1domestic or
captive livestock animal killed or injured in a single
occasion and cause of death or attack confirmed and
attributed to wolves byMDNRE personnel or their
agent (i.e. US Department of Agriculture, Wildlife
Services). We included records of cattle, sheep,
ducks, white-tailed deer, poultry and rabbits
deemed livestock by The Michigan Animal Indus-
try Act (Michigan Public Act 466 of 1988). Of
livestock predation events, 77% involved cattle,
followed by sheep (10%), chickens (7%), ducks
(2%), white-tailed deer (2%), pheasants (, 1%),
turkeys (, 1%), geese (, 1%) and rabbits (, 1%).
We recorded locations to township, range and
section and analyzed spatial information at the
township scale.

We estimated deer density (deer/km2) for each
deermanagement unit (DMU) in theUP (422 - 4,604
km2 in 2009, N¼ 22) following Treves et al. (2004)
and using sex-age-kill model data or deer pellet
count surveys (MDNRE, unpubl. data). We used
2001 National Land Cover Data (NLCD, Landsat
TMdata, 30-mresolution;Vogelmannet al. 2001) to
reduce disparity between time of predations (1996 -
2009) and land cover data collection. We measured
the percent area of pasture/hayfield, coniferous
forest, crops, emergent wetland and open water for
each township. We applied the following reclassifi-
cation scheme from the 2001 NLCD to fit land
covers in the 2004 model: we reclassified non-
vegetated farmland and forage crops/non-tilled
herbaceous agriculture as pasture/hayfield, row
crops as crops and pines, other upland conifers,
lowland coniferous forest and mixed upland coni-
fers we reclassified as coniferous forest. We did not
reclassify open water and emergent wetlands.

Wemapped all 87 verifiedwolf predations using a
geographic information system (ArcMap 9.3.1,
Redlands, California). We identified affected town-
ships (N¼36) as those in which at least one verified
livestock predation occurred and we identified
unaffected townships (N¼ 578) as those where no
verified livestock predations occurred. We used a
matched-pair design by randomly assigning each
affected township an unaffected, contiguous town-

ship (Treves et al. 2004). We compared landscape
variables between paired affected and unaffected
townships. Potentially, eight unaffected townships
could neighbour each affected township. We ex-
cluded one affected township because the area was
, 50% of a standard township (92.16 km2). Our
final sample consisted of 35 township pairs (11.4%
of townships in the UP, N¼ 614; Fig. 1).
We measured variables for all townships and ap-

plied them to the 2004 linear equation to obtain R
values. We used these values to compare predicted
classifications of townships to actual classifications
(i.e. affected or unaffected) to determine the model
efficacy. We determined predicted classification by
the proximity of the resulting R value of each town-
ship to the classification cut-off value (i.e. mean of
group centroids, affected and unaffected; Morrison
1990). Townships predicted as affected had R values
greater than the cut-off value, whereas townships
predictedas unaffected hadRvalues less than the cut-
off value. We considered townships within our sam-
ple (N¼ 70) as being correctly classified if the actual
and predicted classifications were congruent. We de-
termined the percentage of affected and unaffected
townships that were correctly classified.We averaged
the percentages of affected and unaffected townships
correctly classified to determine the overall efficacy of
the 2004 model for the UP.

Model adaptation

Our initial analysis revealed that, without adapta-
tion to the UP, the 2004 model had a predictive
accuracy of 61% overall in the UP (affected and
unaffected townships) compared to 76.5% in Min-
nesota andWisconsin (Treves et al. 2004). Based on
these results we adapted the 2004model to theUP to
maximize the predictive accuracy. We first comput-
edunivariate tests of associationusingone-sample t-
tests (affected minus unaffected) and binomial sign
tests to assess the discriminatory ability for each
variable in the 2004 model using theMichigan data.
We accepted statistical significance for all analyses
when a , 0.10. The t-test indicated whether the
mean difference between landscape features of af-
fected and unaffected township differed from zero.
The binomial sign test indicated whether the vari-
able in question discriminated matched pairs of
townships with better than the chance probabilities.
We retained any variable considered significant in
either test for model development.
We performed a single-sample discriminant func-

tion analysis using Predictive Analytic Software
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(PASW Version 18, IBM SPSS, Chicago, Illinois)

followingMorrison (1990). This linear combination

of landscape variables consisted of the sum of pro-

ducts of the variable coefficients with the observa-

tions and yielded the discriminant scores (R), which

we used to predict risk of wolf predation on live-

stock. We used R values to form predictive classi-

fications of townships (i.e. affected or unaffected)

from our adapted linear discriminant equation. We

computed the percentage of original cases (N¼ 70)

correctly classified to determine the efficacy of our

adaptedmodel (i.e. actual classification vs predicted

classification). We also calculated effect size of R

values between affected and unaffected townships

(Cohen’s d; Cohen 1988). Finally, we computed a

leave-one-out cross-validation (LOOCV; Moore &

Lee 1994), where we classified each case using a dis-

criminant function based on all the remaining cases.

Risk maps

Weused the adapted linear equation to produce two

predictive maps of relative risk of livestock preda-

tion by wolves in the UP, following Treves et al.

(2004). We estimated the relative risk using our

adapted model so that the township risk values . 2

SD above the mean of our sample of 35 affected

townships were coded as highest risk, those .1 SD

above the samplemeanwere codedmoderately-high

risk, those within 61 SD of the sample mean were

coded as moderate risk, those . 1 SD below the

mean were coded as moderately-low risk and those

. 2 SDbelow the samplemeanwere coded as lowest

risk.We coded townships with 0%pasture as lowest

risk regardless of their other landscape attributes.

Our first map assumed a uniform distribution of

wolves in the UP. Our second map incorporated

road density (km/km2) per township, where any

township with . 0.70 km/km2 of roads was re-

classified as lowest risk (unlikely wolf territory es-

tablishment; Potvin et al. 2005), and townships with

, 0.70 km/km2 retained their original risk assign-

ments. We considered the value 0.70 km/km2 as an

effective indicator of wolf territory establishment in

the UP (Potvin et al. 2005). We present both maps

because road density has been reported as an effec-

tive predictor of wolf territory establishment in the

region; however, the importance of this variable

remains equivocal (Thiel 1985, Thurber et al. 1994,

Figure 1. Predation events on livestock in
the Upper Peninsula of Michigan, USA,
between 15 April 1996 and 14 April 2009,
and the 70 affected (i.e. with predations) and
unaffected (i.e. without predations) town-
ships used to measure landscape features for
refining the 2004 predictive spatial model.
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Mladenoff et al. 1995, Mech 2006, Mladenoff et al.

2006). To generate maps, we extrapolated from the

35 affected townships to all mainland townships in

the UP (N ¼ 614). We assumed that the discrim-

inating variables determined from univariate tests

were discriminatory across all UP townships and

could be applied to predict risk.

Results

Efficacy of the 2004 model in Michigan

The predictive model developed by Treves et al.

(2004) correctly discriminated 61.4% of UP town-

ships (i.e. affected 57.1% and unaffected 65.7%)

from the universe of townships tested, which was

considerably less than the accuracy reported for

Wisconsin and Minnesota in Treves et al. (2004).

Therefore, we adapted the model based on spatial

data derived from the UP to maximize the model’s

predictive accuracy in the UP.

Model adaptation

To adapt the 2004 model, we used the subset of

variables (Table 1) which passed one or both uni-

variate tests of association (P , 0.10) in the UP.

These included pasture/hayfield (sign test: P¼0.01,

t34¼3.89, P¼, 0.01), crops (sign test: P¼0.04, t34¼
3.40, P¼, 0.01) and coniferous forest (sign test: P¼
0.27, t34 ¼ 3.15, P ¼ , 0.01). The adapted linear

combination of variables (see Equation 2 below)

correctly classified 70% (sign test: P¼, 0.01, t34¼
4.11) of affected and unaffected townships overall

(63 and 77% of affected and unaffected townships,

respectively) meeting our overall acceptable thresh-

old:

R ¼ 0:908 pasture=hayfield - 0:098 crops -

0:430 coniferous forest ð2Þ:

Effect size analyses revealed that affected town-

ships contained 142.8% more pasture/hayfield,

0.4% more crops and 26.1% less coniferous forest

on average than their matched unaffected town-

ships. The standardized difference between mean R

values of affected and unaffected townships was

large (Cohen’s d ¼ 0.84; Cohen 1988). A LOOCV

revealed that 64.3% of the affected and unaffected

townships overall were correctly classified (60.0%

of affected townships and 68.6% of unaffected

townships).

Road density served as a predictor of likely wolf

territory establishment in theUP in our secondmap

of relative risk. Thus, we computed effect size for

road density between affected and unaffected

townships as well. Affected townships contained

24.2% more roads (km/km2) than their matched

unaffected townships. However, post-hoc univariate

tests of association revealed that road density does

not discriminate affected fromunaffected townships

in the UP (sign test: P¼ 0.18, t34¼ 1.47, P¼ 0.15).

Risk maps

Inspection of land cover data revealed that 44.9%

(N¼276) of the townships in the UP contained 0%

pasture/hayfield. Within our sample of 70 affected

and unaffected townships, our first map (without

incorporating road density) identified three (4.2%)

as highest risk, one (1.4%) as moderately-high risk,

Table 1. Mean landscape features of townships in Michigan’s Upper Peninsula, Wisconsin and Minnesota with verified wolf predations
on livestock (affected; A) and randomly selected, contiguous unaffected (U) townships.

Predictor

Michigan (35 pairs)

Treves et al. (2004)

A U
Sign test
D (%)

t-test

Wisconsin
(22 pairs)

Minnesota
(230 pairs)

Combined
(252 pairs)

(P) SD A U A U
Sign test
D (%)

t-test
(P)

% coniferous forest 19.95 25.13 74.2 , 0.01a 0.119 49.6 0.03

% pasture/hayfield 10.16 4.18 65.7 , 0.01a 0.085 12.54 7.82 11.85 8.46 70.2 , 0.01

% crops 0.74 0.48 85.7 , 0.01a 0.008 10.90 6.53 14.40 13.72 60.7 0.28

% emergent wetland 0.50 0.42 82.8 0.61 0.006 2.89 3.81 8.64 8.54 59.5 0.98

% open water 2.27 1.32 80.0 0.30 0.043 2.65 4.69 4.17 8.10 57.1 , 0.01

Deer density (deer/km2) 10.38 10.70 74.2 0.52 4.860 4.16 4.14 4.25 4.10 36.5 0.04

Road density (km/km2) 0.87 0.70 54.2 0.15 0.470 0.69 0.70 0.51 0.54 54.4 0.46

a Retained for use in discriminant analysis.
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44 (62.8%) as moderate risk, 15 (21.4%) as mod-

erately-low risk and seven (10.0%) as lowest risk

(Fig. 2A). Of the remaining 544 townships, we iden-

tified zero (0%) as highest risk, six (1.1%) as

moderately-high risk, 148 (27.2%) as moderate

risk, 116 (21.3%) as moderately-low risk and 274

(50.3%) as lowest risk. Lowest and moderately-low

risk townships were mainly concentrated in the

north and central UP. Highest, moderately-high

and moderate risk townships were mostly concen-

trated in the eastern and southcentral regions of the

UP.

Relative risk dropped considerably when we

excluded areas unlikely to support wolves based

on road density (Potvin et al. 2005; . 0.70 km/km2;

Fig. 2B). Within our sample of 70 affected and

unaffected townships, zero (0%) were identified as

highest or moderately-high risk, 18 (25.7%) as

moderate risk, 11 (15.7%) as moderately-low risk

and 41 (58.6%) as lowest risk. Of the remaining 544

townships, we identified zero (0%) as highest risk,

zero (0%) as moderately-high risk, 68 (12.5%) as

moderate risk, 88 (16.2%) as moderately-low risk

and 388 (71.3%) as lowest risk. Lowest risk

townships were mainly concentrated in the north,

central and extreme southern UP. Moderate and

moderately-low risk townships occurred in the west

and across the central UP.

Discussion

Efficacy of the 2004 model in Michigan

Our initial results showed that the 2004 model did

not predict risk of wolf predation on livestock in the

UP (61%) as well as in Wisconsin and Minnesota

(76%). There are several possible explanations for

this result. The 2004model was constructed only for

large livestock (e.g. excluding white-tailed deer,

small stock and poultry), which might explain its

lower predictive power when applied to the diverse

predations in our data set. Similarly, both the 2004

and adapted models are limited by affected and

unaffected sites. Townships which were not in our

sample and for which we extrapolated relative risk

to, may have very different features from the

matched pairs used to construct the model. We

suggest that model refinement after additional data

Figure 2. Relative risk of wolf predation on
livestock in the Upper Peninsula of Michi-
gan during April 1996-April 2009, assuming
a uniform distribution of wolves (A). Rela-
tive risk was estimated fromEquation 2 such
that risk values . 2 SD above the mean of
our sample of 35 affected townships were
coded as highest risk (&), those . 1 SD
above the sample mean were coded moder-
ately-high risk, those within 6 1 SD of the
sample mean were coded as moderate risk,
those . 1 SD below the mean were coded as
moderately-low risk and those. 2 SDbelow
the sample mean were coded as lowest risk
(&). The townships with 0% pasture were
coded as lowest risk regardless of their other
landscape attributes. B) shows the relative
risk ofwolf predation on livestock, assuming
that wolves only occupy territories in town-
ships with a road density of , 0.70 km/km2.
Any township with a road density of . 0.70
km/km2 was assigned the lowest risk class
(&).
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are collected. Additionally, in contrast to our re-
sults, Treves et al. (2004) found that deer density
significantly discriminated affected and unaffected
townships. Though natural prey abundance influ-
ences carnivore predations on livestock (Gunson
1983, Treves et al. 2004, Bradley & Pletscher 2005),
we measured deer density in DMUs which are on
average, an order of magnitude larger than a town-
ship. Because of variation in deer habitat suitability
within DMUs, the assigning average DMU deer
densities to townships undoubtedly resulted in er-
rors. Improved estimates of deer abundance at a
comparable spatial resolution would likely improve
our model performance.

Wolves establish territories in areas with greater
amounts of open water and emergent wetlands
(Mladenoff et al. 1995, Kohn et al. 1996), as these
habitats are important as water sources, prey
habitat and pup rearing sites (Kohn et al. 1996).
However, Treves et al. (2004) observed that wolves
preyed on livestock in townships with less emergent
wetland and open water. We found no association
of risk and open water or emergent wetland in the
UP. Differences in association of risk of livestock
predation by wolves with open water and emergent
wetland within the GLRmay reflect the diversity of
habitat types in which livestock farms are located.

Model adaptation

Accuracy of our adapted 2004 model (70%)
exceeded that of the original 2004 model (61%),
suggesting that our revised model is a better
predictor of wolf predation on livestock in the UP.
However, a LOOCV did not successfully predict
� 70% of townships in our sample. The adapted
model was better at identifying townships where
conflict is less likely to occur (77%) than in
townships where it is more likely (63%) in our
known sample, when the latter is perhaps a more
useful management application.

Still, wolf predations on livestock in the UP
occurred in townships sharing a consistent series of
landscape variables. For example, our results con-
cur with suggestions that pasture/hayfield is an im-
portant predictor of wolf predations on livestock in
the GLR (Mech et al. 2000, Treves et al. 2004).
Comparable to observations in Wisconsin and
Minnesota (Treves et al. 2004), wolf predations on
livestock in the UP were positively associated with
townships containing higher proportions of pas-
ture/hayfield. We expected this result, as livestock
are associated with pasture/hayfield (Bradley &

Pletscher 2005). Townships with larger amounts of
pasture/hayfield likely contain more cattle, which
on average would increase livestock exposure to
wolf predation (Mech et al. 2000).
Adaptation of the 2004model in theUP identified

croplands as only slightly positively associated with
higher risk across townships, which contradicts
results fromWisconsin andMinnesota (Treves et al.
2004). In the UP, there are approximately 900 live-
stock farms, which are generally located in geo-
graphical clusters because of soil and climatic con-
ditions (MDNRE, unpubl. report). Farms contain-
ing croplands are likely located in the same geo-
graphical clusters. Percent croplandwas significant-
ly correlated with percent pasture/hayfield among
the affected townships in the UP (r2 ¼ 0.61, P ¼
0.0001, N ¼ 35). Soil and climatic conditions may
impose stronger constraints on suitable agricultural
areas in the UP compared to Wisconsin and Min-
nesota. Thus, the predictive ability of croplands
may in part be a consequence of geographic asso-
ciation with pasture/hayfield and a reflection of re-
gional variation in the distribution of those two land
covers across the Midwest, rather than a statistical
artifact. Finally, more data on fine-scale livestock
abundance and distribution are needed forWiscon-
sin, Minnesota and Michigan’s UP to more accu-
rately separate the land covers from their uses.
Our results, as well as those in Treves et al. (2004),

suggest that coniferous forest is negatively associ-
ated with predation risk at the township scale in the
GLR. However, managers must be aware that
differences in predation risk might occur at varying
spatial scales (e.g. farm vs township). For example,
in contrast to what they observed at the township
scale, Treves et al. (2004) found that an increase in
coniferous forest was associated with higher live-
stock predation risk at the farm scale. Coniferous
forest in close proximity to the farms probably
allows wolves to approach livestock closely without
detection similar to hunting patterns described for
wild prey (Kunkel & Pletscher 2001).
Managers in the Upper Michigan can use our

results to identify townshipswith higher relative risk
of livestock predation by wolves. Our adapted
model identified important predictor variables,
successfully distinguished affected from unaffected
townships and improved on the 2004 model for the
UP. Managers can target areas of greater risk for
outreach, education and non-lethal control tech-
niques to manage wolf-livestock conflicts. Our re-
sults can also augment preventative efforts, man-
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agement plans, indemnification programs and re-

search regarding wolf predations on livestock in

Upper Michigan.

Risk maps

Based on adaptation of the 2004 model to the UP,

we developed two maps of relative risk of livestock

predation by wolves in the UP, whichmanagers can

use to identify townships potentially at risk. We

created the first map (see Fig. 2A) by assuming a

uniform distribution of wolves across the UP. The

second map (see Fig. 2B) incorporated road density

(Potvin et al. 2005) as an indicator of likely wolf

territory establishment and thus focuses consider-

ation of relative risk to those townships most likely

to contain wolves (30.1% of all UP townships).

There are certain limitations with both risk

maps and managers should consider both maps

when planning management actions. For exam-

ple, neither map differentiated townships with

multiple predation events. Our first map (see Fig.

2A) may overestimate the risk, as it occasionally

assigned a relatively higher risk to townships that

likely contain a relatively lower number of

livestock operations due to soil and climatic con-

ditions (e.g. the Keweenaw Peninsula). In con-

trast, our second map (see Fig. 2B) may under-

estimate the risk due to its reliance on road

density as an indicator of likely wolf territory

establishment. Although road density appears to

be a useful predictor of wolf occupancy (Thiel

1985, Fuller et al. 1992, Mladenoff et al. 1995,

Wydeven et al. 2001, Potvin et al. 2005), this

variable may become less important as wolf pop-

ulations increase (Mech 1995). For example, on

3% of the occasions, our second map predicted

the lowest risk assignment for previously affected

townships. An extreme example of this was a

township that had eight previous predation events

on three separate farms from 1996 to 2009, with a

road density of 0.97 km/km2.

The successful recovery of wolves in the GLR,

and their coexistence with humans depends on the

ability of people to limit wolf-livestock conflicts

(Beyer et al. 2006, Ruid et al. 2009). We anticipate

an increase in risk of livestock predation by wolves

as populations of humans andwolves increase in the

UP. Application and further refinement of this

predictive model will aid managers in reducing wolf

predation on livestock and help ensure wolf

persistence in Michigan.
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