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Abstract. Models of habitat selection have been developed primarily for mobile animals
with well-defined home ranges. The assumptions made by traditional techniques about
habitat availability are inappropriate for species with low mobility and large home ranges,
such as the wood turtle. We used paired logistic regression, typically used in medical case
2 control studies, to model selection of habitat within activity areas in a population of
wood turtles in a watershed in western Maine. We also modeled selection of activity areas
within the watershed, using nonpaired logistic regression. Within activity areas, wood turtles
selected nonforested locations close to water with low canopy cover. Within the watershed,
they selected activity areas close to streams and rivers with moderate forest cover and little
open water. The difference between selection at these two scales suggests that wood turtles
select forest edges to balance thermoregulatory and feeding needs. The model of selection
of activity areas within the watershed correctly classified 84% of activity areas and random
areas. This model may be useful for identifying wood turtle habitat across the landscape
as part of regional conservation efforts. We suggest that paired logistic regression shows
promise for analysis of habitat selection of species with movement patterns that violate the
assumptions of traditional habitat selection models.

Key words: case 2 control; Clemmys insculpta; Emydidae; habitat selection; Maine; matched-
pairs logistic regression; wood turtles.

INTRODUCTION

Models of habitat selection have typically been de-
veloped for mobile animals with well-defined home
ranges, such as many mammals and passerine birds.
Traditional use-vs.-availability analyses determine
‘‘available’’ habitat by measuring mapped cover types
or sampling habitat within a fixed study area or home
range, and assume that an animal’s entire home range
is available to it between successive observations (Ar-
thur et al. 1996). This assumption is clearly false for
animals with low mobility and large home ranges such
as wood turtles.

Arthur et al. (1996) describe an approach that allows
for fluctuating habitat availability by defining available
habitat separately for each animal location. Hjermann
(2000) provides a modification that refines estimates
of available habitat, allowing availability to vary con-
tinuously, rather than assuming that all habitat within
a fixed-radius circle is equally available. These meth-
ods require mapping cover types, and thus are not ap-
propriate for situations where habitat cannot be
mapped, such as studies of microhabitat selection. We
present an alternative approach, based on sampling one
or more random locations paired with each animal lo-
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cation and using paired logistic regression to analyze
habitat selection (Breslow and Day 1980, Hosmer and
Lemeshow 1989, Ormsbee and McComb 1998).

Habitat selection studies based on analysis of cover
types assume that predefined cover types essentially
reflect the first principal component of environmental
variables that are important to the species being stud-
ied. Multivariate approaches avoid such assumptions
by taking the more exploratory approach of modeling
habitat selection based on a number of environmental
variables of potential importance (Garshelis 2000).
Habitat selection models based on measurements at an-
imal locations and random locations are typically an-
alyzed either using discriminant function analysis or
logistic regression (e.g., Sherburne and Bissonette
1994, Mladenoff et al. 1995, Block et al. 1998). Lo-
gistic regression is a more robust technique than dis-
criminant analysis, as it does not require multivariate
normality, and it allows the use of categorical predictor
variables (North and Reynolds 1996).

When one or more random locations can be explicitly
paired with animal locations, random points and animal
points can be measured at the same time, with the same
resource availability and weather conditions. Paired lo-
gistic regression compares use with availability at the
same place and time, not against everywhere (as in
fixed home range models) or all times (as in discrim-
inant analysis and nonpaired logistic regression). For
species with limited mobility or without well-defined
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home ranges, paired analyses come closer to modeling
the choices that animals are making.

The wood turtle, Clemmys insculpta (LeConte, 1830)
is a riparian emydid found throughout the northeastern
U.S. and southeastern Canada. Wood turtles hibernate
and mate in streams and rivers, typically nest in riparian
gravel bars, and forage during the summer throughout
a variety of wetland and upland habitats. Their diets
include fruits, fungi, slugs, earthworms, insects, car-
rion, amphibian larvae, and the leaves of a number of
plant species (Ernst et al. 1994). Within riparian areas,
they are known as habitat generalists, using alder
swales, swamps, bogs, meadows, agricultural fields,
and deciduous and mixed forests (Kaufmann 1992,
Ernst et al. 1994, Foscarini and Brooks 1997). Their
habitat use apparently varies across their geographic
range, with midwestern populations being more aquatic
than those in the east (Harding and Bloomer 1979,
Ernst et al. 1994). In Pennsylvania, Kaufmann (1992)
found that wood turtles select creek, alder, and grass–
sedge–forb cover types, and avoid cornfields, hemlock,
and deciduous forests; whereas in Ontario, Foscarini
and Brooks (1997) found heavy use of agricultural
fields. The variety of cover types used and differences
among populations suggest that wood turtles may not
be selecting habitat based upon cover types.

The objective of this study was to model wood turtle
habitat selection at two scales. Individual wood turtles
at our study site in western Maine use a succession of
widely separated ‘‘activity areas’’ throughout the sea-
son. These movement patterns present a natural sepa-
ration of scales for studying habitat selection: (1) se-
lection within activity areas and (2) selection of activity
areas within the watershed. We modeled selection with-
in activity areas based on habitat features at turtle lo-
cations vs. paired random locations, where habitat was
measured simultaneously to remove effects of differing
availability by season, weather, and time of day. We
also described seasonal selection of habitat comprising
potential food items within activity areas. We modeled
within-watershed selection of activity areas by com-
paring habitat features within activity areas with those
in similar-sized circles placed randomly within the wa-
tershed, with a similar distribution of distances from
the river and streams. At each scale, we measured hab-
itat features with potential relevance to travel, ther-
moregulation, hydration, and feeding.

METHODS

Study site

Data for this study were collected in Somerset Coun-
ty, western Maine. We omit the exact study location
because of the danger that illegal collection for the
commercial pet trade poses to wood turtle populations.
The study population inhabits the riparian zone of an
;6.5 km stretch of a river fed by three second-order
and higher tributaries, as well as by several smaller

streams. The broad riparian zone is dominated by fens,
bogs, sedge meadows, alder swales, and forested wet-
lands. Other features include marshes, beaver ponds, a
complex of oxbow vernal pools, and several gravel bars
and artificial gravel pits. Most of the surrounding land
consists of mixed and coniferous forest, and is managed
as industrial forest. Permanent human habitation in the
immediate area is ,0.2 persons/km2, but people camp,
fish, and boat in the area.

Capture and radiotelemetry

Adult wood turtles were caught opportunistically be-
tween October 1994 and September 1998 at hibernac-
ula, nesting sites, during mating, and elsewhere. They
were uniquely marked by shell notching, using a mod-
ified version of Cagle (1939). Lotek MBFT-6 trans-
mitters (Lotek Engineering, Inc., Newmarket, Ontario,
Canada) were attached to 37 animals (10 male; 27 fe-
male) with Biocryl acrylic cement (Great Lakes Or-
thodontic Products, Tonawanda, New York, USA).
Transmitters (9 g) plus cement (total ;37 g) weighed
3–8% of turtle body weight. Transmitters and antennas
were attached around the margin of the carapace to
avoid increasing turtle carapace height and to minimize
interference with mating in females. Transmitters were
removed from turtles at the end of the study.

Each turtle was located by radiotelemetry one or two
times per week during a pilot season in June–August
1997. Analysis of location data taken from this pilot
season showed that the distance moved between lo-
cations was independent of the number of days between
locations 1–7 d apart (Kruskal-Wallis test, n 5 679, df
5 6, x2 5 7.00, P 5 0.32). Therefore, locations were
separated by at least one intervening day in 1998 to
avoid serial autocorrelation within activity areas.

Relocation was increased to two to three times per
week in June–August 1998 and additional locations
were recorded one to two times per week in May and
September 1998. Turtles were located between 0800
and 1800 (95% of locations were between 0900 and
1630). Locations of animals were recorded precisely,
or to within 3 m when they were submerged and could
not be located exactly. Locations were entered into
Trimble Pathfinder GPS units (Trimble Navigation Ltd.,
Sunnyvale, California, USA) and post-processed with
differential correction for a final precision of 3–5 m.
Locations were converted to UTM coordinates on the
1927 North American Datum and entered into a geo-
graphic information system (GIS) as a point coverage.

Because nesting habitat is well known (Harding and
Bloomer 1979, Buech et al. 1997), nesting females
were excluded from habitat analysis from the time they
moved to nesting sites until after they nested.

Activity areas

Activity areas for each animal were defined based
on the distance from each successive location to the
running mean of the previous five locations. As soon
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FIG. 1. Typical wood turtle movement patterns in a ri-
parian landscape. Locations of female F15 during 1997 (n 5
32), showing three distinct activity areas (circles) used from
May through August.

TABLE 1. Variables included in activity area scale analysis of wood turtle habitat selection.

Variable Description

dist.lotic†
dist.water†
dist.vp
depth
sun

Distance (m) to running water .10 cm deep
Distance (m) to any open water .10 cm deep
Distance (m) to the nearest vernal pool .10 cm deep
Depth of water (cm)
Amount of sun of turtle: none (0), partial (1), full (2)

canopy
Canopy density: none (,2%), low (2–20%), medium (20–80%), high (.80%), from a turtle’s per-

spective (i.e., closure above 10 cm), coded as midpoint of category
razz
shroom

Raspberry in fruit within 3 m: none (0), low (1), medium (2), high (3)
Mushrooms within 3 m: none (0), low (1), medium (2), high (3)

herb
slug

Green plants within 15 cm of ground within 3 m: none (0), low (1), medium (2), high (3)
Slugs within 3 m: presence (1), absence (0)

worm
edge.fine‡§
edge.coarse‡§
upland‡

Earthworms within 3 m: sum of presence (1)/absence (0) in each of five samples using bulb planter
Distance to nearest edge (full National Wetlands Inventory [NWI] specification)
Distance to nearest edge (to NWI class)
1 if classified as upland on NWI

forest
em
ss
wet

1 if cover type 5 forest
1 if cover type 5 marsh or meadow
1 if cover type 5 alder, scrub–shrub, bog, or fen
1 if in water .10 cm deep

† Estimated in field if #20 m; from GIS if .20 m.
‡ Estimated from GIS.
§ Edge measures excluded river and stream banks.

as this distance exceeded a threshold of 100 m (this
distance was chosen empirically as the approximate
inflection point of an accumulation curve of number of
locations within activity areas from turtle locations tak-
en in 1997), a new activity area was started, and the
running mean was restarted. After each activity area
was defined for an animal, activity areas with center
points (defined as the mean of all locations within the
area) within 100 m of each other were merged. Finally,
all activity areas with fewer than five points were con-
sidered travel points and were deleted. This procedure
was calibrated to locations from the 1997 pilot season
to define activity areas appropriately for individual an-
imals with obvious separation among activity areas
(Fig. 1), and to provide reasonable results for individ-
uals with more ambiguous movement patterns. The pro-
cedure was then applied to 1998 locations to define

activity areas for each animal. Further analyses were
restricted to observations within activity areas.

Habitat measurement

Each time a turtle was located in 1998, we measured
a number of habitat features potentially important for
travel, thermoregulation, hydration, and feeding (Table
1). We also recorded cover type for each location in
the following categories: alder, bank, bog/fen, clearcut,
forest, gravel, marsh, meadow, pond, river, scrub–
shrub, stream, and vernal pool. Habitat was measured
both at the turtle’s location and at a nearby random
location, based on a random bearing and a random
distance selected uniformly from 12–50 m, the inter-
quartile range of distances moved between locations
within an activity area during the 1997 pilot season
(Fig. 2).

Habitat variables were recorded as presence/absence,
categorical (high, medium, low, none), or as paced dis-
tances (m). Open water was defined as any water body
large enough for a wood turtle to submerge itself ($10
cm deep). Running water was defined as any stream
$10 cm deep. Distance to open water and distance to
running water were estimated in the field for distances
,20 m and estimated from GIS if .20 m. Distance to
edges between National Wetland Inventory (NWI) clas-
sifications were estimated from GIS. Canopy was mea-
sured from a turtle’s perspective, i.e., plant cover above
10 cm. Potential food items (raspberries, mushrooms,
green plants, slugs, and earthworms) were based upon
reports in the literature (Ernst et al. 1994); turtles were
observed eating all of these items during the course of
the study.

Thirty-two random areas were selected throughout
the watershed at distances from the river and streams
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FIG. 2. Sampling design for habitat selection models. In
turtle activity areas (a), habitat was sampled at turtle locations
(X), and at a random location (O) paired with each turtle
location. In random areas (b), habitat was sampled at 15 points
(O) with a distribution matching that of random points in
activity areas. Landscape metrics for within-watershed habitat
analysis were calculated for 100 m diameter circles centered
on each activity area and random area. Within-activity area
analysis compared turtle locations with paired random lo-
cations. Within-watershed analysis compared random loca-
tions and landscape metrics in turtle activity areas with ran-
dom locations and landscape metrics in random areas.

that matched quartiles of distances of activity areas of
a subset of turtles from rivers and streams in 1997
(minimum 5 0 m, Q0.25 5 15 m, median 5 60 m, Q0.75

5 100 m, maximum 5 300 m). Within each random
area, habitat was measured at 15 random points in the
same way as it was for turtle locations (Fig. 2). Random
points within random areas were selected (based on
random walks from uniform random points) to ap-
proximately match the distribution of random points
within activity areas.

We tested for a bias in the placement of random
points within activity areas vs. random points in ran-
dom areas by simulating random points within each
activity area, using the same method as for random
points in random areas. We then calculated the distance
from each random point to the nearest turtle point (ex-
cluding the turtle point it was based upon, which is not
independent), and the distance from each simulated
random point to the nearest turtle point. The distri-
bution of distance (in meters) from turtle points to ran-
dom points (Q0.10 5 6.01, Q0.25 5 10.27, median 5
17.18, Q0.75 5 28.07, Q0.90 5 42.15; n 5 937) and from
simulated random points (Q0.10 5 6.18, Q0.25 5 10.20,
median 5 17.18, Q0.75 5 28.26, Q0.90 5 48.05) were
similar; we conclude that no bias exists.

Values of several habitat variables were estimated
from a GIS polygon coverage of digitized NWI maps
for the state of Maine. These maps were supplemented
with an arc coverage of streams (USGS DLG stream
coverage, 1:24 000). Streams too small to be mapped
on USGS 7.59 topographic maps were mapped in the
field by walking them with a GPS unit, and then cre-
ating a smoothed arc coverage.

Activity area scale analysis

Matched-pairs logistic regression was used to ana-
lyze selection of habitat within activity areas (Table 1),

because it is more appropriate and powerful than stan-
dard logistic regression for analyzing paired data such
as observed location vs. random location data (Breslow
and Day 1980, Hosmer and Lemeshow 1989). Paired
logistic regression is analogous to a paired t test. Values
of all variables for each ‘‘control’’ (random point) are
subtracted from the values for each paired ‘‘case’’ (tur-
tle location). Standard logistic regression software is
then used to fit a response vector of all 1’s (presence
2 absence) to a matrix of predictor variables (case 2
control). A constant term is excluded from the model.
Interactions and higher order terms must be calculated
before subtracting the paired observations.

Each estimated coefficient bi is interpreted as usual
for logistic regression: an n-unit increase in an ex-
planatory variable results in a increase in the oddsnbie
ratio. For low-probability events (such as the presence
of a wood turtle), the odds ratio approximates the rel-
ative risk, i.e., the ratio of the probability of event x
(e.g., a turtle being present) given A to the probability
of x given B (Hosmer and Lemeshow 1989). Because
explanatory variables in paired logistic regression are
differences between paired case vs. control observa-
tions, the model is interpreted in terms of differences
in habitat rather than absolute measured values of hab-
itat variables.

Models were fit separately for each of the 37 animals,
producing a vector of coefficients for each habitat var-
iable. After some preliminary exploratory analysis, 20
candidate models were selected. The fits of models in-
cluding each member of sets of highly intercorrelated
predictor variables (r $ 0.70) were compared against
each other to prevent less significant variables from
‘‘shadowing’’ correlated variables in the candidate
models. Once candidate models were selected, resid-
uals were examined for linearity of the logit, and ad-
justed if necessary (Hosmer and Lemeshow 1989:88–
91). These candidate models were tested with Akaike’s
Information Criterion (corrected for small sample siz-
es), AICc (Burnham and Anderson 1998). The model
with the minimum AICc and all models with AICc with-
in two of the minimum were considered to be sup-
ported.

Overall significance across animals was tested for
each variable in each supported model by testing the
coefficient vector against zero using individual Wil-
coxon signed-rank tests, with a Bonferroni adjustment
to hold a to a nominal value of 0.05. Final model(s)
were those for which all coefficients were significant.
Positive coefficients represent selection for a particular
habitat feature across animals; negative coefficients
represent ‘‘avoidance.’’ Coefficient vectors were com-
pared between sexes with Wilcoxon rank-sum tests. Fit
of the models was assessed with McFadden’s r2, which
is analogous to the multiple correlation coefficient R2

(McFadden 1974).
Selection of habitat comprising seasonal food items

(raspberries, mushrooms, green plants, slugs, and
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TABLE 2. Variables included in watershed scale analysis of wood turtle habitat selection.

Variable Description

open.water
depth
up

Proportion with open water $10 cm deep
Mean water depth (cm)
Distance (m) from plot center to nearest vernal pool

canopy Mean canopy density: none (.2%), low (2–20%), medium (20–80%), high
(.80%), from a turtle’s perspective (i.e., closure above 10 cm), coded
as midpoint of category

razz
shroom
herb
slug

Mean raspberry: none (0), low (1), medium (2), high (3)
Mean mushroom: none (0), low (1), medium (2), high (3)
Mean herb: none (0), low (1), medium (2), high (3)
Mean slug: presence (1), absence (0)

worm Mean earthworm abundance: sum of presence (1)/absence (0) in each of
five samples using bulb planter

forest
em†
fowet†
riv†
ss†
ub†
upland†

Proportion in forest
Proportion classified as emergent on National Wetland Inventory [NWI]
Proportion classified as forested wetland on NWI
Proportion classified as river on NWI
Proportion classified as scrub–shrub on NWI
Proportion classified as unconsolidated bottom on NWI
Proportion classified as upland on NWI

edge.fine†‡
edge.coarse†‡
strlen†
dist.fowet†
dist.upland†

Length of edge (m) between NWI cover types (full NWI specification)
Length of edge (m) between NWI cover types (to NWI class)
Total stream length (m) in plot
Distance (m) from plot center to forested wetland
Distance (m) from plot center to upland

† Estimated from GIS.
‡ Edge measures excluded river and stream banks.

earthworms) was described by plotting weekly mean
selection indices of each food item separately. Each
selection index was calculated as the difference be-
tween the abundance code at a turtle location and the
abundance code at the paired random location. A pos-
itive selection index indicates selection for habitat con-
taining a particular food item, and a negative index
indicates ‘‘avoidance.’’ Weekly means were estimated
for each animal and then across animals.

Watershed scale analysis

Within the watershed, each turtle activity area was
characterized by the mean of each habitat variable
across the random points within that activity area, and
each random area was characterized by the mean of the
15 random points measured in that area. Landscape
metrics were obtained from GIS based on 100 m circles
centered on both activity areas and random areas. We
chose 100 m to match the empirically determined size
threshold of activity areas. These 100 m circles en-
compassed ;50% of turtle and random points within
activity areas and random areas. Because the area of a
circle increases with the square of its diameter, increas-
ing these circles to include a higher percentage of turtle
locations would have included increasingly more non-
habitat.

Landscape metrics included the proportion of each
NWI wetland type, total length of streams within each
area, and total length of edges among NWI types (Table
2). Random areas that overlapped with any turtle ac-
tivity area were dropped from the analysis. To maintain
independence of activity areas, means were taken
across all activity areas for each animal. Standard (non-

paired) logistic regression was used to compare turtle
activity areas with random areas, both by sex and over-
all. Twenty candidate models were selected based on
exploratory analyses, and adjusted for linearity as for
the activity area analysis. Models were ranked using
AICc, and a final model was selected from the models
with the lowest AICc, based on the stability of param-
eter estimates (i.e., the best model for which the 95%
confidence intervals of each parameter did not include
zero). The stability of the final model was validated by
performing 1000 random bootstrap replications (Efron
and Gong 1983).

Statistical analyses were done using S-Plus version
4.5 (MathSoft, Inc., Cambridge, Massachusetts, USA),
JMP IN version 3.2.1 (SAS Institute, Inc., Cary, North
Carolina, USA), and programs written by BWC in
APL*Plus II version 5.2 (Manugistics, Inc., Rockville,
Maryland, USA). Arc/Info (version 7.2.1, Environ-
mental Systems Research, Inc., Redlands, California,
USA) was used for GIS analysis. We used a 5 0.05
in statistical tests unless stated otherwise.

RESULTS

Habitat was measured at 1155 turtle locations and
paired random points during May–September, 1998.
Overall, ;77% of locations occurred in forest, scrub–
shrub, bog–fen, and emergent cover types (Table 3);
on average, 69% of locations for males and 80% of
locations for females occurred within these four cover
types. Males were located in water about twice as often
as females. The number of activity areas (n 5 78) used
by individual turtles varied from one to four (median
5 2). Habitat data were collected at 4–31 locations
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TABLE 3. Cover types used by wood turtles in 1998, excluding females during the nesting
season.

Cover type

Females
(n 5 27)

% (n)

Males
(n 5 10)

% (n)

Both
(n 5 37)

% (n)

Lotic (river, stream)
Lentic (pond, vernal pool)
Emergent (marsh, meadow)
Fen/bog
Scrub–shrub (alder, other scrub–shrub)
Forest
Other (bank, gravel, clearcut)

11
3

19
16
22
23

5

(99)
(28)

(169)
(137)
(191)
(205)

(46)

20
4

11
22
19
17

7

(56)
(12)
(32)
(61)
(53)
(47)
(19)

13
3

17
17
21
22

6

(155)
(40)

(201)
(198)
(244)
(252)

(65)

Total 100 (875) 100 (280) 100 (1155)

TABLE 4. Paried logistic regression models of within-activity area habitat selection by wood
turtles supported by AICc (n 5 37).

Model

Median

AICc dist.water dist.lotic forest canopy

dist.water 1 forest 1 canopy
dist.lotic 1 forest
dist.lotic 1 forest 1 canopy
dist.water
forest
dist.water 1 forest
forest 1 canopy

34.1
34.5
34.7
34.9
35.2
35.4
35.4

20.0315

20.0317

20.0331

20.0304
20.0318

21.12
21.40
21.28

21.39
21.29
21.24

20.0141

20.0138

20.0155

(separated by $36 h) per activity area (median 5 9.5).
Each turtle had 9–32 (median 5 27) locations among
all activity areas throughout the year, for a total of 936
locations within activity areas. Individual animals gen-
erally used the same activity areas in both 1997 and
1998.

Activity area scale

Seven models selected by Akaike’s Information Cri-
terion had all coefficients significant across animals
(Wilcoxon signed-rank tests, adjusted P , 0.05). The
coefficients of these models were similar to each other
(Table 4). No interactions among these variables con-
tributed significantly to the model, nor was there any
significant difference between sexes.

Coefficients of the best model (dist.water 1 forest
1 canopy; see Table 1 for description of model com-
ponents) suggest that, within activity areas, a turtle
tends to select nonforested areas that are close to water
and have low canopy cover. The median odds ratios
(Table 5) indicate that every 10 m of additional distance
from water results in a 25% decrease in selection, that
a 10% increase in canopy closure results in a 10%
decrease in selection, and that when both forested and
nonforested habitat is available, a turtle is about one-
third as likely to select forested as nonforested areas
(Fig. 3).

Although this was the best overall model in terms
of predicting within-activity area selection of all turtles
in the population, there was considerable variation

among individual turtles. The odds ratios varied widely
across animals (Table 5). Overall, these models do not
show strong predictive power (McFadden’s r2 5 0.04–
0.57, median 5 0.25). For example, individuals varied
in their selection of forest. One group (7 females, 4
males) strongly avoided forest, never selecting it when
nonforested areas were available (median odds ratio 5
0.0001), while a larger group (20 females, 6 males)
weakly avoided forest (median odds ratio 5 0.76).

Turtles selected locations with raspberries from mid-
July through mid-August, and high densities of green
plants within 15 cm of the ground through much of the
summer (Fig. 4). More equivocally, they may have se-
lected for mushrooms late in the season and for both
worms and slugs in spring and again late in summer.

Watershed scale

Six random areas that overlapped one or more turtle
activity areas were dropped from analysis, leaving 26
random areas and 37 mean turtle activity areas in the
model. The best eight models all included proportion
of open water and a quadratic term for proportion of
forest (Table 6). Seven of these models contained an
additional variable (depth, slug, worm, edge.coarse,
strlen, edge.fine, and dist.upland); the 95% confidence
interval of the odds ratios for all of these variables
included 1.0, suggesting unstable parameter estimates.
Furthermore, the magnitude of odds ratios from several
of these parameters (those for depth, slug, and perhaps
worm) are biologically unrealistic. These results sug-
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TABLE 5. Paired logistic regression model that best explains
within-activity area selection across all wood turtles (n 5
37).

Variable
Coefficient
(median)

Odds ratio
(median)

Odds ratio
(interquartile

range)

dist.water
canopy
forest

20.032
20.014
21.12

0.74 (10 m)
0.90 (10%)
0.33

(0.47, 1.0)
(0.74, 1.0)
(0.0002, 0.90)

FIG. 3. Within-activity area model, showing
the relative probability of occurrence of a turtle
given the difference between values for canopy
density and distance to open water between tur-
tle locations and paired random locations. The
odds ratio for D forest (not shown) is 0.33.

gest that the models selected as ‘‘best’’ by AIC are too
rich for reliable estimates of parameters, given the sam-
ple size, although the direction of parameters is prob-
ably meaningful. We therefore chose the more robust
forest 1 forest2 1 open.water (n 5 63; McFadden’s r2

5 0.75) as the best predictive model (Table 7). Boot-
strapping gave tighter 95% confidence intervals for the
odds ratios than those from the original logistic re-
gression; this indicates that parameter estimates are re-
liable. Again, habitat selection did not differ signifi-
cantly between males and females.

Because the random areas were selected from the
same distribution of distances from the river and
streams as turtle activity areas, the strong effect of
distance to running water was controlled for in this
model. The model must therefore be interpreted in the
context that turtle activity areas were located a median
of 29 m from rivers and streams (the interquartile range
was 11–72 m) and 95% were within 304 m from rivers
and streams. The watershed model thus suggests that
wood turtles select activity areas near streams and riv-
ers, with a low proportion of open water, and a mod-
erate (;10–50%) forest cover (Fig. 5). This model cor-
rectly classified 81% of the original 78 turtle activity
areas and 92% of random areas, for an overall correct
classification rate of 84%.

DISCUSSION

Logistic and paired logistic regression effectively
modeled habitat selection of wood turtles. When

viewed at the watershed scale, turtles placed their ac-
tivity areas near rivers and streams, in relatively dry
areas with moderate forest cover. Within these activity
areas, selection was for nonforested locations near wa-
ter with low canopy cover. Thus, habitat selection dif-
fered between these two scales. When selecting activity
areas within the landscape, partially forested areas are
favored, but forest is selected against within-activity
areas. This conflict in habitat selection likely reflects
the trade-off between feeding and thermoregulation.
Many important food items are found in deciduous and
mixed forests (slugs, earthworms, and mushrooms, and
raspberries in forest clearings and on forest edges). In
contrast, high canopy cover of forests provides few
basking sites. Turtles at our study site were observed
basking during 35–80% of morning locations (between
0800 and 1200) from late April to mid-June. From mid-
June on, they basked fairly consistently ;15–30% of
the morning. Thus, turtles must balance selecting food-
rich areas with available basking sites. The solution is
to select forest edges and fragmented forests. Although
alder swales were not significant habitat types in the
models, they may play a role similar to forests: they
have abundant slugs, earthworms, and raspberries (al-
though not mushrooms); and also have high canopy
closure.

The conflict between forest selection at the two
scales suggests wood turtles select for forest edges,
providing some support for Kaufmann’s (1992) sug-
gestion that wood turtles are an ‘‘edge species,’’ even
though ‘‘edge’’ as defined from NWI maps did not enter
the activity area model and was not strongly supported
by the watershed model. Our analysis suggests that,
rather than generically selecting ‘‘edges,’’ the conflict-
ing demands of thermoregulation and feeding often re-
quire turtles to travel back and forth across edges be-
tween forests and open areas such as meadows and fens.

The second conflict between activity area and wa-
tershed scales involves open water. Within the water-
shed, wood turtles selected areas near the river and
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FIG. 4. Mean weekly seasonal selection (61 SE) of po-
tential food items by wood turtles (n 5 11–36 animals per
week, median 5 27).

TABLE 6. Logistic regression models of habitat selection at the watershed scale.

Model AICc r2 constant forest forest2
open.
water

Additional
variables

forest 1 forest2 1 open.water 1 depth
forest 1 forest2 1 open.water 1 slug
forest 1 forest2 1 open.water 1 worm
forest 1 forest2 1 open.water
forest 1 forest2 1 open.water 1 edge.coarse
forest 1 forest2 1 open.water 1 strlen
forest 1 forest2 1 open.water 1 edge.fine
forest 1 forest2 1 open.water 1 dist.upland

25.62
29.11
29.21
30.32
30.48
30.73
31.37
32.24

0.83
0.79
0.79
0.75
0.77
0.77
0.76
0.75

28.91
21.51
20.52

0.26
21.59
20.46
21.27

1.54

62.1
30.1
34.5
33.5
37.5
30.5
34.0
27.1

289.6
247.0
259.5
252.2
261.1
248.2
254.2
244.5

234.6
214.4
212.7
214.5
215.0
212.4
215.8
213.9

13.5 3 depth
17.9 3 slug
10.6 3 worm

0.020 3 edge.coarse
0.026 3 strlen
0.014 3 edge.fine
20.003 3 dist.upland

streams with a relatively low proportion of open water
deeper than 10 cm, while within activity areas, they
selected locations near water. It is important to note
that none of the GIS-based measures of water were
significant in the watershed analysis (except for strlen,
which was equivocally supported), therefore this effect
is primarily driven by water bodies too small to be
mapped, such as open pools in fens and wet meadows.

The watershed model shows strong predictive power,
and is potentially useful for modeling wood turtle hab-
itat across the landscape. The within-activity area mod-
el is not as effective as a predictive model. This is
probably because wood turtles select different micro-
habitat features depending upon their activity, e.g.,
open areas for basking, and forests for foraging. Pre-
sumably, stratification by activity would be required
for a strongly predictive within-activity area model.

As noted by Kaufmann (1992), individual wood tur-
tles displayed considerable variation in habitat use. For
instance, five animals (four females, one male) spent
.50% of their time in meadows from late June through
mid-August, while 10 animals (eight females, two
males) were never observed in meadows. Some of the
strongest individual variation was observed in selection
of raspberries. Seven females accounted for nearly 60%
(38 of 66) of all observations of animals within 3 m
of fruiting raspberries, while 15 of the 37 turtles were
never found near raspberries. One possible explanation
for this wide disparity in habitat selection is that, as
long-lived food generalists, food resource selection has
a strong learned component in wood turtles. Learned
behavior, coupled with limited mobility in the terres-
trial environment, may limit the ability of turtles to
sample terrestrial habitats. This may result is idiosyn-
cratic habitat selection by individuals with high site
fidelity.

Paired logistic regression

Unlike pooled techniques such as standard logistic
regression, paired logistic regression controls for both
known and unknown confounding factors. Uncon-
trolled variables can result in incorrect null models of
habitat selection. Rosenberg and McKelvey (1999) pro-
vide an example of the bias resulting from inappro-
priate null models in habitat selection studies of central
place foragers. They suggest explicitly including the
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TABLE 7. Logistic regression model that best predicts wood turtle habitat selection at the
watershed scale.

Variable Coefficient SE

Odds ratio
(10%

change)

95% CI
odds ratio

(10% change)

Bootstrapped
95% CI

odds ratio
(10% change)

constant
forest
forest2

open.water

0.26
33.46

252.23
214.54

1.68
12.22
17.67

4.60
0.15†
0.23

(0.062, 0.44)†
(0.095, 0.58)

(0.096, 0.41)†
(0.16, 0.52)

† These values are for forest and forest2 combined.

FIG. 5. Watershed model, showing the rel-
ative probability of occurrence of a turtle ac-
tivity area with respect to the proportion for-
ested and proportion of open water. Ninety-five
percent of activity areas were located within 304
m of rivers and streams (median 5 29 m).

distance to the central place (e.g., nest site) as a cov-
ariate. However, this approach requires sufficient
knowledge of both species biology and an individual
animal’s habits to locate the central place. Although
central place foraging is a well-understood phenome-
non, seasonal, diurnal, and weather-related factors af-
fect animal behavior in ways that researchers often do
not fully understand. For instance, we often observed
wood turtles feeding on slugs on rainy days, when slugs
were out in the open. Thus, weather confounds wood
turtle selection of slugs. Such relationships can be com-
plex. The variable dist.water, which was significant in
the overall within-activity area selection model, mea-
sures the distance to any open water .10 cm deep,
including ephemeral ponds and puddles such as bog
pools or flooded meadows. Such water sources vary
seasonally and in response to recent weather. Explicitly
controlling for all such confounding factors requires
understanding them, measuring them, and increasing
sample sizes to avoid loss of statistical power. A paired
approach, such as paired logistic regression, controls
for temporal (and to some extent spatial) confounding
factors.

An important assumption of paired habitat selection
models is that the random points adequately represent
‘‘available’’ habitat for each animal. Analysis is there-
fore sensitive to the method used to select random

points: distances between animal locations and random
points must be based on knowledge of the species’
biology and observed movement patterns, and the dis-
tribution of random points should match those of an-
imal movements between successive observations. Es-
timates of available habitat can be improved by sam-
pling multiple random locations for each animal lo-
cation. A drawback to the paired logistic approach is
that results can be more difficult to interpret than those
of standard logistic regressions, because paired logistic
regression is interpreted in terms of relative differences
in habitat variables rather than absolute terms.

As James and McCulloch (1990:150–152) point out,
habitat selection models based on the difference in mul-
tivariate means between used and available habitat will
fail to find selection when the mean habitat values at
used locations coincide with the mean at available lo-
cations, even if animals are strongly selecting habitat.
This critique applies to any use of discriminant anal-
ysis, multiple regression, or logistic regression to mod-
el used vs. available habitat, because these techniques
do not test for differences in variance. This problem
can be mitigated by either choosing multiple study sites
that vary along the first principal component of habitat
variables (James and McCulloch 1990), or by modeling
selection separately for each animal when there is wide
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variation in habitat availability among animals, as we
have done in the within-activity area model.

Paired logistic regression shows promise for mod-
eling habitat selection of animals that do not have well-
defined home ranges or do not use their territories uni-
formly. Examples include animals with low mobility
relative to home range size, such as the wood turtle;
nomadic species, such as opossums (Didelphis virgi-
niana; Hunsaker 1977); nomadic life-stages, such as
dispersing juvenile birds (e.g., Ovenbirds; Seiurus au-
rocapillus; D. I. King, personal comment); and migra-
tory animals during migration.

Conservation implications

Wood turtle populations have declined or been ex-
tirpated throughout their range (Harding and Bloomer
1979, Klemens 1989, Ernst and McBreen 1991, Har-
ding 1991, Garber and Burger 1995; Harding et al., in
press). They face a number of threats, including deg-
radation of riparian habitat. A better understanding of
habitat selection would help focus conservation efforts.

While the wood turtle’s primary habitat, rivers, are
protected to some extent in many states (e.g., in Maine,
Compton 1999), the extensive movements of northern
wood turtles (Quinn and Tate 1991, Foscarini and
Brooks 1997) may make protection of large riparian
areas necessary in order to protect populations. Re-
finement of our understanding of wood turtle habitat
will allow them to be more effectively included in mul-
tispecies and ecosystem-based conservation efforts,
and support surveys that are more efficient. If the with-
in-watershed habitat selection model presented here is
supported by studies of other populations, it may be
applied in conjunction with a model of nest site selec-
tion (Buech et al. 1997) to predict likely wood turtle
habitat using remote sensing data across broad areas.
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