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stands, although this needs to be confirmed with remote-sensing data that discriminates

between these different successional forest types.

Although sex and season strongly affected lynx use of lowland-conifer forests, my
finding of neutral selection for these forests at the population-level may underestimate the
extent that most lynx select against these forests. Three lynx, M06, FO9 (a non-
reproductive female), and M12, never used this forest type even though it comprised 3, 4,
and 10% of the area within their core areas. This lack of use precluded stable maximum-
likelihood estimates for the lowland conifer regression coefficient. Because M06 and F09
had < 5% lowland-conifer forest within their CAs, and M12 had the least CA locations (n
= 12) of the lynx I monitored, I chose not to use unstable maximum-likelihood estimates
for the lowland-conifer variable, nor include these lynx in population-level estimates for
selection for lowland-conifer forest (Fig. 4). I therefore caution that lynx may often select
against these lowland-conifer forests to a greater extent than my results indicate. Despite
the importance of lowland-conifer forests to reproductive females, lynx selection against
these forests likely results from the low abundance of hares there (McCann 2006).

The poor quality of lowland-conifer forest as foraging habitat for lynx is
somewhat surprising because previous studies in Minnesota have reported abundant hare
populations in lowland-conifer forests, including the black spruce stands that comprise
most of these forests in my study area (Pietz and Tester 1983, Fuller and Heisey 1986).
This discrepancy may result from hares being more abundant in more diverse lowland-
conifer forests with denser understories containing cedar, balsam fir, and deciduous
shrubs such as alder that characterized the earlier studies (Conroy et al. 1979, Fuller and

Heisey 1986), or regional hare populations during my study being lower than when these
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previous studies were conducted (Heinselman 1996). Studies from northern Canada and
Maine also reported that lynx selected against lowland-conifer bogs (Poole et al. 1996,
Hoving et al. 2004). Black spruce bogs are typically species poor, have low productivity,
and have open understories lacking in cover. However, the importance of these forests for
reproductive female lynx (Moen et al. in review) indicates that management of lynx- and
hare-habitat should include lowland-conifer forest as a habitat component for this
important life stage.

The remaining forest types, upland-conifer and mixed, were mature forests that
lynx generally used in proportion to their availability. Lynx showed slight selection for
upland-conifer forests in their CAs but only relative to the lesser amount present in
infrequently used areas. Although lynx often select for conifer forests (Koehler 1990,
Poole et al. 1996, Mowat and Slough 2003, Hoving et al. 2004), particularly at broad
scales (Hoving et al. 2005), the effect of coniferous forests on lynx habitat selection
appears to be dependent on factors like spatial scale, stand age, and perhaps latitudinal
gradients. Unlike the spruce-dominated forests of northern Canada, mixed deciduous-
coniferous forests were the most abundant forest type in northeastern Minnesota.
Although I found neutral selection for these mixed forests, the increasing dominance of
deciduous species in the most common, or matrix, forest type may indicate a decreasing
gradient of habitat quality at lower latitudes if deciduous forest is a key factor limiting the

southern distribution of lynx (Hoving et al. 2005).
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Lynx Response to Forest Edges

Lynx travel along edges between different forest types (Mowat et al. 2000). I
found this behavior to be primarily associated with edges between upland-conifer and
successional forests. Lynx were closer to these edges than expected within PZs and entire
territories, but not within CAs. The reduced selection for edges in CAs likely results from
upland conifer-successional forest edge being more abundant in CAs than in less
intensively used portions of territories, but additional analyses will be needed to better
understand how lynx respond to forest edges and spatial heterogeneity at broader spatial
scales.

Several felid species use edge habitats because they contain dense cover for
ambush hunting (Logan and Sweanor 2001, Fernandez et al. 2003, Hopcraft et al. 2005,
Laundre and Loxterman 2007). Forest edg‘es may have the opposite effect on Canada
lynx with lynx preferentially hunting in stands with more open understories that are
adjacent to successional stands. Lynx often avoid hunting in areas with dense
understories, even if hares are more abundant there (Murray et al. 1995, Fuller et al.
2007). The anatomical adaptations of lynx for deep snow allow them to hunt in more
open area than other mesocarnivores (Murray et al. 1995). These adaptations likely
permit lynx to vary their hunting strategy according to the density of understory
vegetation, stalking and chasing hares in more open areas and hunting from ambush beds
in areas with dense cover (Murray et al. 1995). The relationship I found between lynx and
forest edges is consistent with lynx using a stalking strategy in these areas because I
found the edge relationship to be more prevalent when the lynx was in an upland-conifer
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patch that was adjacent to a successional stand, rather than vice-versa. Mature upland-
conifer stands in southern boreal forests have a less-developed understory than
successional stands (De Grandpre et al. 1993), and lynx may be able to stalk hares more
efficiently when in the mature portion of the upland conifer-successional edge.
Conversely, ambush hunting may be less effective in areas with relatively open
understories. Rather than using edges for increased cover like many felids, lynx may use
the edge between mature and successional forests as a better environment to hunt by
stalking. If true, this supports the hypothesis that lynx often select foraging habitat based
on the availability, rather than abundance, of hares (Fuller et al. 2007). Studies of the
relationship between hares and forest edges often describe slight increases in abundance
in edges, but the trend is inconsistent among studies (Conroy et al. 1979, Wolfe et al.
1982, Potvin et al. 2005).

Selection for edges has important implications for lynx conservation. Forest
management to benefit lynx and hare populations could utilize relatively small patches of
successional forest interspersed among mature forest to provide both dense understory
cover for hares and foraging and denning habitat for lynx. The large fires that occur over
much of the geographic range of lynx and hares typically contain many patches of
unburned forest (Niemi and Probst 1990, Poole et al. 1996, Mowat et al. 2000, Mowat
and Slough 2003). Designing timber h‘arvests to mimic natural disturbance patterns has
been advocated (Bergeron et al. 2001), and lynx would likely benefit from this
management policy. However, the response of lynx to forest edges should be studied in
other portions of their range. Lynx in the western mountains of North America often
inhabit naturally heterogenous areas and may respond differently to habitat than lynx in
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boreal or sub-boreal forests where vegetation communities are less influenced by
topography (Buskirk et al. 2000). For example, lynx may not select for edges where the

| transition between adjacent patches is abrupt, like between forest and non-forest. Also,
due to differences in fire suppression and forest-management policies, selection for edges
should be studied in northern Canada. Timber harvest has replaced fire as the dominant
forest disturbance in northern Minnesota (Heinselman 1996). The negative public
perception of clearcuts often reduces their size and creates more smaller patches of
successional forest than occur after fires (Bergeron et al. 2001). Landscape patterns in
areas of northern Canada without fire suppression likely differ from those in my study
area. Although hares may be more abundant in large patches of successional forest like
those resulting from fires (Keith et al. 1993), our current understanding of the factors
affecting the landscape-scale distribution and abundance of snowshoe hares in southern
boreal forests are too limited to draw clear conclusions about how hares respond to the
composition and configuration of landscapes at broad spatial scales.

Similarly, the distribution of hares and lynx may also be affected by the greater
dominance of deciduous vegetation occurring in southern boreal forests. Despite
similarity in their selection for younger forests, southern lynx populations inhabit
landscapes with a different vegetation matrix than northern populations. Both hares and
lynx are broadly associated with coniferous forests (Wolff 1980, Wolfe et al. 1982,
Hoving et al. 2005). Iﬁ areas not influenced by topography, deciduous species become
more abundant at the southern limit of boreal forest (Pastor and Mladenoff 1992). In this
study area mixed deciduous-coniferous forests were the dominant habitat type, whereas
lynx inhabit a matrix of coniferous forest in northern Canada. Their ability to persist in
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the southern portion of their range appears to be limited by the greater dominance of
deciduous tree species (Hoving et al. 2005). Beyond these prey and habitat effects
associated with human influence on forest succession and latitudinal gradients in the
dominance of deciduous vegetation, southern lynx populations may be further limited by
other factors like snow depth, climate change, and increased human-related mortality
(Hoving et al. 2005, Carroll 2007).

My results show that technological advances like GPS telemetry allow more
quantitative, focused, and biologically relevant analyses of animal space use and habitat
selection. The capability to accurately define areas that animals intensively use represents
an important new advantage for management because intensive use usually indicates the
areas within an animal’s territory that contain the abundant resources. Strict reliance on
territory-scale habitat analyses may produce less accurate and meaningful results than
those that consider different intensities of use, especially for wide-ranging animals like
lynx. Nevertheless, while intensively used areas like cores are valuable for understanding
habitat requirements, the entire territory remains a better choice for depicting the spatial
requirements of threatened species like lynx because the portion of a territory outside of
the core likely provides critical benefits. For example, the size, location, and composition
of the territory periphery may reduce the negative impact of environmental variability
(Borger et al. 2006). This concern is particularly relevant to Canada lynx because of their

dependence on prey that exhibit large spatial and temporal fluctuations in abundance.
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Table 1. Mean ( + SE) percentage of 14 land-cover classes defined from satellite imagery
(Minnesota Land Management Information Center, St. Paul, Minnesota) for the core

areas and peripheral zones of 11 Canada lynx territories in Minnesota.

Land-cover class | Core area (CA) Peripheral zone (PZ)
Deciduous forest <1 <1
Water 1+04 2205
Upland grassland <1 <1
Mixed forest 36 +2.8 38+14
Lowland grassland 2x03 3+£0.3
Lowland conifer 13+£2.2 16 £1.2
Agriculture <0.1 <0.1
Upland conifer 2420 23+1.8
Rural development <1 <1
Shrub/grassland 2+1.1 1+0.6
Mining <1 <1
Urban development <0.1 <0.1
Successional forest 20+£23 15+£1.5
Bare rock 0 0
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Table 2. Criteria for evaluating the predictive ability of lynx habitat models using out-

of-sample model validation method of Howlin et al. (2004).

Slope (B) 95% C.I. on Predictive capability of model
B is either + or - C.I includes O Unacceptable

0<p <‘1 C.L. excludes 0 and 1 Acceptable

B>1 C.I. excludes 0 and 1 Acceptable

>0 C.I. excludes 0 and includes 1 Good
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Table 3. Model-averaged coefficients and unconditional SE estimates (in parentheses)

based on AIC w; for individual- and pooled candidate models with A; AIC values < 10.

Variable
Lowland Upland
Lynx®* Comparison” Mixed forest conifer conifer Regeneration
M2 CA-CA -0.07 (0.07)  -0.22(0.12) 0.08 (0.06) 0.40(0.17)
CA-PZ 0.29(0.13) -1.50(0.50) 0.17(0.11)  1.00(0.38)
CA-OUT 1.09 (0.39) -0.51(0.25) 1.31(048) 1.91(0.62)
M5 CA-CA 0.27 (0.15)  -1.25(0.53) -042(0.22) 0.07(0.11)
CA-PZ 0.61(0.30) -0.67(0.33) -0.26(0.21) 1.11(0.44)
CA-OUT 0.13(0.06) -1.80(0.55) 0.01(0.07) 0.13(0.06)
M6 CA-CA -0.22 (0.09) not used" 0.05(0.04) -0.02(0.03)
CA-PZ -1.01 (0.26) not used* 0.02 (0.03)  0.00(0.03)
CA-OUT -0.13 (0.06) notused®  -0.44(0.17) 0.15(0.07)
F7 CA-CA 0.16 (0.08) -0.36 (0.15) -0.22(0.10) 0.13(0.07)
CA-PZ 0.68(0.19) -0.05(0.04) -0.05(0.04) 1.12(0.29)
CA-OUT 0.04 (0.09) -0.23(0.10) 0.44(0.17) 0.52(0.20)
F9 CA-CA -0.19 (0.11) notused®  -0.43(0.22) 0.29(0.14)
CA-PZ 0.19 (0.10) notused®  -0.79(0.36) 1.47(0.42)
CA-OUT 0.03 (0.04) notused®  -0.07 (0.05) 2.37(0.36)
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Table 3. Continued.

Variable
Lowland Upland
Lynx* Comparison® Mixed forest conifer conifer Regeneration
M10 CA-CA -1.00 (041) -0.13(0.07) 0.15(0.07) 0.37(0.16)
CA-PZ -2.21(0.53) -0.17(0.07) 2.00(0.38) 1.11(0.35)
CA-OUT -1.76 (0.51)  -0.10(0.05) 2.82(0.38) 2.00(0.37)
Mi2 CA-CA 0.41 (0.35) notused®  -2.15(1.25) 0.87 (0.63)
CA-PZ 0.51 (0.36) notused®  -0.60(0.42) 1.99 (0.98)
CA-OUT 0.15(0.15) notused®  -0.16(0.15) 1.89 (0.80)
F14 CA-CA 0.72 (0.56) 047 (0.30) 146(0.94) 1.20(0.79)
CA-PZ -0.01(0.07)  -0.01(0.08) 0.05(0.07) 1.12(0.40)
CA-OUT -0.61 (0.36) -0.77(0.46) 0.45(048) 1.30(0.52)
F24 CA-CA 0.02 (0.05) -2.10(0.81) -0.15(0.08) 0.42(0.26)
CA-PZ -0.05(0.08) -1.54(0.67) 0.78(0.30) 0.91(0.36)
CA-OUT -0.12(0.07)  -0.39(0.21) 0.89(0.32) 1.02(0.36)
M28 CA-CA 0.02(0.21) -0.43(0.26) 0.82(0.43) 0.80(0.36)
CA-PZ 0.13(0.19)  -1.09(047) 0.44(0.24) 1.30(0.49)
CA-OUT 0.13(0.10) -1.05(0.44) 0.11(0.10) 1.61(0.40)
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Table 3. Continued.

Variable
Lowland Upland
Lynx* Comparison® Mixed forest conifer conifer Regeneration
F31¢ CA-CA -0.43(0.38) 0.50(0.26)  0.50(0.26) -1.25(0.77)
CA-PZ 0.05 (0.30) 1.45 (0.73) 1.65(0.86) -0.45(0.22)
CA-OUT -0.13 (0.10) 1.03 (0.56) 1.26 (0.75)  -0.25(0.10)
Pooled CA-CA 0.00(0.01) -0.52(0.16) 0.01(0.02) 0.34(0.16)
CA-PZ 0.01(0.02) -0.77(0.49) 0.16(0.06) 0.89(0.11)
CA-OUT 0.06 (0.02) -040(0.12) 0.75(0.12) 1.19(0.11)

M= male, F = female

® CA= core area, PZ = peripheral zone, OUT = outside territory

¢ No use locations were recorded in this forest type.

4 Collinearity in the global model therefore not included in model averaging.
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Table 4. Percentage of 11 Canada lynx exhibiting neutrality, positive selection, and
negative selection of 4 forest types in northeastern Minnesota. Confidence intervals used
to determine selection were conservative estimates using + 2 SE and were based on
model-averaged coefficents and unconditional variance estimates for candidate models

with A; AIC values < 10.

Lowland Upland
Comparison® Selection Mixed conifer conifer Successional
CA-CA Neutrality 73 45 82 64
Positive 9 0 9 36
Negative 18 - 55 9 0
CA-PZ Neutrality 55 27 73 9
Positive 27 0 18 82
Negative 18 73 9 9
CA-OUT Neutrality 64 27 55 0
Positive 18 0 36 91
Negative 18 73 9 9

* CA= core area, PZ = peripheral zone, OUT = outside territory
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Table 5. Mean (+ SE) importance ranks, w. (j), for 11 individual-level Canada lynx

habitat selection models evaluated for 3 interterritorial spatial comparisons.

Lowland Upland

Comparison® Mixed Conifer Conifer  Successional
CA-CA 049+£0.04 0.64+0.07 051005 0.55+0.05
CA-PZ 0.61 £0.08 0.72+0.08 056+0.08 0.83+0.07

CA-OUT 052+0.07 0.70+0.07 0.65+0.08 0.80+0.07

* CA= core area, PZ = peripheral zone, OUT = outside territory
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Table 6. Pooled candidate models with A;AIC values < 2, indicating strong support as
best approximating model. Models are based on data collected from 11 lynx monitored

with GPS telemetry in northeastern Minnesota from 2003-2006.

Comparison®
Model rank CA-CA CA-PZ CA-OUT
1° L*R L*U*R L*U*R
2° L*¥U*R M*L*U*R  M*L*U*R
3° M*L*R L*R

* CA= core area, PZ = peripheral zone, OUT = outside territory
® M=mixed forest, L = lowland conifer forest, U = upland conifer

forest, R = successional forest
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Table 7. Predictive ability of lynx habitat models based on validation. Values represent
percentage of both individual and pooled models that have unacceptable, acceptable, or

good predictive ability based on criteria in Howlin et al. (2003).

Comparison®

Predictive ability CA-CA CA-PZ CA-OUT

Unacceptable 22 0 11
Acceptable 44 33 33
Good 33 67 56

* CA= core area, PZ = peripheral zone, OUT =

outside territory
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Figure 1. Northeastern Minnesota Canada lynx study area defined by minimum convex
polygon around all Minnesota GPS collar locations. The locations of lynx that traveled

into Ontario, Canada are not shown. The shaded area is the Superior National Forest.
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Figure 2. Diagram of sampling strategy used to evaluate lynx habitat selection within
95% fixed-kernel ‘territory. Use locations are dail}; locations from GPS collars that
occurred within core area. Availability locations are random locations sampled along a
hierarchal gradient of decreasing use (within core area, within territory periphery, outside
of territory). Availability locations within the core area and additional availability

sample sets from other portions of the territory periphery and outside the territory are not

shown for clarity.
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Figure 3. Regression coefficients showing direction of selection for four most abundant
forest types in northeastern Minnesota. Plots represent mean + 2 SE of model-averaged
coefficients from logistic regression. If lower error bar is above zero, that forest type is
preferred whereas if upper error bar is below zero that forest type is avoided. Forest types

used in proportion to availability have error bars that overlap zero.

139



Outside

i : ®
200 - .o s
150 » — pa—t
= Peripheral zone
: p—L
80 4
< o—o—0—¢
8
g - /
=
O 404 pA—O—0
<

l>

Core area

/'/ e

p
0 ‘44¥4$ — T T T T T T T T T 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Model rank

Figure 4. AIC difference (A)) for all 15 candidate models evaluated for each spatial
comparison when individuals were pooled. Models with a A;AIC > 10, which is the value
represented by the dashed horizontal line, have no support as the best model (Burnham

and Anderson 2002).
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Figure 5. Continued on next page.
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Figure 5. Regression coefficients from stratified analysis showing direction of

forest- type selection for male and female lynx in summer-fall and winter. Plots represent
mean = 2 SE of coefficients from logistic regression. If lower error bar is above zero, that
forest type is preferred whereas if upper error bar if below zero that forest type is
avoided. Forest types used in proportion to availability have error bars that overlap zero.

Shown are results from (A) the CA-CA comparison, and (B) the CA-PZ comparison.
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