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Table 1
Six models of movement of deer in Nebraska, 1990–2006, including number (k) and list of free parameters, as well as range of values sampled for simulation.

Model k List Range

Recreate distributions (DIST) 0 N/Aa N/A
Correlated random walks (CRW) 0 N/Aa N/A

Home point focus (FOCUS) 3 Movement length [250, 500]
Variance slope (0, 4]
Variance intercept [0, 10]

Shifting home point (SHIFT) 4 Movement length [250, 500]
Variance slope (0, 4]
Variance intercept [0, 10]
Probability of relocation (0, 0.05]

Probabilistic movement (MOVE) 2 Movement length [250, 500]
Movement acceptance [0.002, 0.008]

Probabilistic movement with emigration (MOVEwEMI) 4 Movement length [250, 500]
Movement acceptance [0.002, 0.008]
Proportion of emigrators [0, 0.25]
Emigrator maximum movement length [250, 4750]

a The models DIST and CRW were based on empirical movement distributions and characteristics, and therefore had no free parameters.

characterized by a log of simulated spatial locations. We initiated a
deer at random X and Y coordinates, determined distance traveled
and bearing, then updated the current location of each deer. Deer
moved around a continuous landscape with no boundaries to move-
ment in place. We simulated 365 consecutive daily movements and
recorded annual displacement for each individual.

3.1. Model descriptions

We designed 6 models to recreate observed redistribution pat-
terns (Table 1). We attempted to use the information gained from
the shortcomings of each comparison to design the subsequent rule
set. Subsequent models included:

1. Recreate distributions (DIST): We sampled the set of observed
movement lengths and turn angles between consecutive loca-
tions for all deer by study area. An individual movement
consisted of a movement length drawn randomly from the set
of observed movement lengths in a direction dictated by a turn
angle drawn in the same manner.

2. Correlated random walks (CRW): Correlated random walks fol-
low:

E(R2
n) = n

(
m2 − c · m2 + 2c · m2

1
1 − c

)

where E(R2
n) = expected squared displacement after n movements;

expected squared displacement after n movements; m1 = average
movement length, m2 = average squared movement length,
c = average cosine of turn angles, and n = number of movements.

We constructed CRW paths based on the observed character-
istics of movement lengths and turn angles (Table 2). We used
observed numbers of movements recorded in a year (range of
40–244) for values of n to simulate annual displacement.

Table 2
Average movement length (m1) in m, average squared movement length
(m2) in m2, and average cosine of turn angle (c) between consecutive
locations for white-tailed deer in eastern Nebraska and mule deer and white-
tailed deer in western Nebraska, 2004–2006.

Eastern Western

m1 171.1 441.8
m2 80 684 226 971
c −0.322 −0.341

3. Home point focus (FOCUS): Movement lengths were held con-
stant for all deer in each simulation, while we drew samples for
turn angles from a normal distribution with a mean equal to the
turn angle required to return the deer to its initial point (assumed
to be the center of its home range). We designed variance to fluc-
tuate as a function of displacement, increasing as an individual
came closer to its starting point:

s2 = (ad + b)−1

where a = variable slope parameter, d = distance from origin, and
b = variable intercept parameter.

We sampled values of a and b from uniform distributions
(Table 1) using a Latin hypercube (LH; McKay et al., 1979). As
d increased, s2 decreased, which resulted in a higher probability
of a deer turning toward the center of its simulated home range.
Variance was high when a deer was nearer to its home range
center, which resulted in turns that would take the individual
farther away from its initial point.

4. Shifting home point focus (SHIFT): Methods were similar to
FOCUS above, only an additional parameter was included that
allowed individuals to relocate the corresponding home range
center with a given probability to account for observed deer that
had multiple centers of activity or seasonal home ranges. We
used LH to sample values of a, b, and the probability of relocation
(Table 1).

5. Probabilistic movement (MOVE): Movement lengths were held
constant over all deer for each simulation and turn angles were
uniformly random for each move over [0◦, 360◦). A movement
was first “proposed” to a deer and always accepted if the pro-
posed displacement (d2) from individual home point (initial
location) was less than the current displacement (d1). If d1 < d2,
the move was accepted with probability:

p = e−r(d2−d1)

where r was a free parameter sampled using LH for each simu-
lation (Table 1).

6. Probabilistic movement with emigration (MOVEwEMI): Meth-
ods were similar to MOVE above, only a percentage of deer
(emigrators), based initially on observation but fit as a free
parameter, were allowed to move with random turn angles and
random movement lengths between 0 and lmax. We attempted
to account for what appeared to be random movement by deer
in every species, sex, and age class, while still capturing the pre-
dominant trend of small annual displacement (<500 m).
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Fig. 1. Points of maximum displacement of individual white-tailed deer by sex that were captured and radio-collared in Desoto National Wildlife Refuge (DNWR) along the
Missouri River in eastern Nebraska, 1990–2006.

We compared annual simulation displacement cumulative dis-
tribution functions (CDF) to empirical CDFs in R (R Development
Core Team, 2005). We used the Kolmogrov–Smirnov goodness-of-
fit (KS) test to determine fit because it is free of any assumptions
of underlying distributions in the data. The test statistic (D) refers
to the maximum vertical distance between 2 CDF curves. p-Values
were not available since ties generated by simulation violate the
assumption of a continuous distribution. The D statistic was used
to compare models and verify improvement, rather than accepting
or rejecting hypotheses (Turchin, 1998). We minimized D over the
parameters involved in each rule set for each study site. The CDF
curves for each simulation were compared to empirical patterns
before a new rule set was created.

4. Results

We observed a large degree of individual variation in movement
between deer of both species and sexes. The largest 6 displace-
ments in eastern Nebraska were made by female white-tailed deer,
with 5 of the 6 made along the Missouri River (Fig. 1). Four adult
female mule deer in western Nebraska, out of a herd of >100 mule
deer, traveled 100 km northeast in May 2005 (Fig. 2), along with
approximately half of the herd, and returned in November 2005.

The same 4 deer made a similar migration the following year. We
also observed an adult male mule deer move 35 km south in July
2004, then 35 km back north in November 2004, only to be har-
vested by a hunter near its initial point of capture. The 12 deer with
the largest single movements between successive fixes in western
Nebraska included 3 male and 2 female white-tailed deer, and 3
male and 4 female mule deer (Fig. 2). The movements were also
omnidirectional and made by both yearling and adult deer. Female
deer in both eastern and western Nebraska (173 and 459 m, respec-
tively) had larger average daily movements than males (166 and
427 m in eastern and western Nebraska, respectively, Table 3), but

Table 3
Average daily movementa (ADM) and average daily displacementb (ADD) in meters
from point of capture for male and female white-tailed deer in eastern Nebraska and
mule deer and white-tailed deer in western Nebraska, 2004–2006.

Eastern Nebraska Western Nebraska

Male Female All Deer Male Female All Deer

ADM 166.4 173.0 171.1 426.7 459.0 441.8
ADD 10.2 13.7 12.7 26.5 28.3 27.4

a ADM—mean distance traveled between successive locations each day.
b ADD—mean distance from initial capture point each day.
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Fig. 2. Points of maximum displacement of individual deer by species and sex that were captured and radio-collared in Morrill County in western Nebraska, 2004–2006.

again, the differences were not statistically significant (p = 0.533 for
deer in eastern and 0.397 for deer in western Nebraska). Deer in
western Nebraska had much larger average daily movement and
displacement than deer in eastern Nebraska (Table 3, Fig. 3). The
proportion of movements that were 1–10 km was larger in western
Nebraska (40%) than eastern Nebraska (10%, Fig. 3).

Table 4
Test statistic (D, maximum distance between cumulative distribution function
curves) for 6 modelsa that simulated movement of deer in eastern and western
Nebraska by rule set, 1991–2006.

Model Eastern Western

DIST 0.53 0.22
CRW 0.81 0.83
FOCUS 0.25 0.55
SHIFT 0.13 0.17
MOVE 0.12 0.14
MOVEwEMI 0.07 0.08

a Models: Recreate distributions (DIST); correlated random walks (CRW); home
point focus (FOCUS); Shifting home point (SHIFT); probabilistic movement (MOVE);
probabilistic movement with emigration (MOVEwEMI).

We did not accurately recreate observed displacements by
recreating observed distributions (DIST; D = 0.53, 0.22; Table 4).
Correlated random walks (CRW) had the lowest fit of any rule set
(D = 0.81, 0.83). Movement with probabilistic turn angles around
a home point (FOCUS) did not reproduce observed displacements
(D = 0.25, 0.55), but was improved by adding a shifting home
point (SHIFT; D = 0.13, 0.17). Movement with probabilistic accep-
tance of displacement (MOVE, D = 0.12, 0.14) was an improvement
over the FOCUS and SHIFT models. The addition of emigrators to
MOVE model (MOVEwEMI) resulted in the best fit (D = 0.07, 0.08;
Table 4).

Based on MOVEwEMI, best-fit values for optimal step size and
maximum step for emigrators in eastern Nebraska (350 and 2800 m,
respectively) were less than in western Nebraska (370 and 2960 m,
respectively, Table 5). The values of r (free probability parameter for
acceptance of a proposed move) in eastern and western Nebraska
(0.0058 and 0.0043, respectively) showed that simulated deer in
MC had movements that resulted in farther displacements than
deer in DNWR. The proportion of simulated emigrators (E) in west-
ern Nebraska was higher than in eastern Nebraska (0.13 and 0.10,
respectively).
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Fig. 3. Frequency of movements by white-tailed deer in eastern Nebraska, 1990–2006, and mule deer and white-tailed deer in western Nebraska, 2004–2006.

We varied parameter values simultaneously in MOVEwEMI and
scaled resulting mean displacements with empirical mean dis-
placement (Tyre et al., 2006, 2007):

ϕ = z̄s − z̄e

�e

where ϕ = scaled discrepancy, z̄s = simulated mean displacement, z̄e =
empirical mean displacement, and �e = standard deviation of
empirical mean displacement.

We plotted the scaled discrepancies to determine the sensitivity
of the simulation to changes in the 4 parameters (optimal step size,
maximum step size, r, and proportion of emigrators). The erratic
discrepancy plot for optimal step size (Fig. 4a) indicates no rela-

Fig. 4. Scaled discrepancies between simulated and empirical mean displacement for varying values of optimal step size, maximum step size, r (probabilistic movement
parameter), and the percentage of emigrators in a movement model of deer in Nebraska incorporating probabilistic movement with emigration (MOVEwEMI), including
smoothed regression lines.
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Table 5
Optimal step sizea (l, in m), probability parameter (r), proportion of emigra-
tors (E), and maximum step sizeb of emigrators (lmax , in m) for best-fit runs of
a model incorporating a probabilistic move with emigration (MOVEwEMI)
for deer in eastern and western Nebraska, 1990–2006.

Eastern Western

l 350 370
r 0.0058 0.0043
E 0.10 0.13
lmax 2800 2960

a Optimal step size refers to the daily movement length for all deer exclud-
ing emigrators.

b Maximum step size refers to the maximum daily distance an emigrator
can move with guaranteed acceptance.

tionship between step size and mean displacement over the range
of simulated values and that displacement is driven by the variation
in the other 3 parameters. The discrepancy plots for maximum step
size (Fig. 4b) and percent emigrator (Fig. 4d) indicate that lower val-
ues of these parameters tend to lower discrepancies, and that the
effect of low values of these parameters on mean displacement may
override the variation in optimal step size and r. Maximum step size
refers to the largest movement that an emigrator can make. Higher
values of the proportion of emigrators tended to result in larger dis-
crepancies, with the largest observed discrepancies corresponding
to the highest values of both parameters and the smallest discrep-
ancies corresponding to low values of the proportion of emigrators
(Fig. 5). The grouping of points for values of r (Fig. 4c) is static for
the range of simulated values, which indicates that the effects of
values of r on mean displacement were relatively unaffected by the
variation in the other 3 parameter values.

Fig. 5. Scaled discrepancy between simulated and empirical mean displacement
for varying values of optimal step size, maximum step size, r (probabilistic move-
ment parameter), and the percentage of emigrators in a movement model of deer
in Nebraska incorporating probabilistic movement with emigration (MOVEwEMI).
Darker points correspond to higher values of the proportion of emigrators by simu-
lation.

Fig. 6. Cumulative distributions of observed movements (solid lines) and simulated movements (dashed lines) of white-tailed deer in eastern Nebraska, 1990–2006, based on 4
movement models (Models: home point focus (FOCUS); shifting home point (SHIFT); probabilistic movement (MOVE); probabilistic movement with emigration (MOVEwEMI)).
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Fig. 7. Cumulative distributions of observed movements (solid lines) and simulated movements (dashed lines) of white-tailed deer and mule deer in western Nebraska,
2004–2006, based on 4 movement models (Models: home point focus (FOCUS); shifting home point (SHIFT); probabilistic movement (MOVE); probabilistic movement with
emigration (MOVEwEMI)).

5. Discussion

The absence of differences in movement by species, sex, and age
is likely due to the large variation in individual movement charac-
teristics. The observed migration distance of 100 km is similar to
average migration distances of mule deer in Wyoming (Sawyer et
al., 2005), Montana (Mackie et al., 1998), and Idaho (Thomas and
Irby, 1990). We expected DIST and CRW to overestimate displace-
ment because distinct home ranges have been observed for deer in
Nebraska (VerCauteren, 1993, 1998; VerCauteren and Hygnstrom,
1998), and both models assume no spatial fidelity. Random walks
in 2 dimensions assume no directional persistence (move direc-

tion at time t + 1 is not affected by that at time t; Pielou, 1977;
Turchin, 1998), but this assumption rarely holds true in nature
(Kareiva and Shigesada, 1983), especially for deer that migrate, dis-
perse, or forage within a home range. Correlated random walks have
recently been used to describe migration by caribou (Bergman et
al., 2000), dispersal by wood frogs (Boone et al., 2006), and for-
aging by bottlenose dolphins (Bailey and Thompson, 2006), which
are 3 movement behaviors commonly expressed by deer, making
CRW a likely candidate. Correlated random walks assume direc-
tional persistence (Patlak, 1953; Turchin, 1998), measured by the
average cosine of turn angles, but still include no component of
fidelity to a home range.

Fig. 8. Locations of deer that tested positive for chronic wasting disease (stars) in Nebraska, 1997–2006 (n = 115). Positive cases are concentrated around the core endemic
area of the disease, but individual cases have been observed progressively eastward (NGPC 2006).
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We attempted to correct the absence of spatial fidelity with
FOCUS by making individuals turn, on average, toward their respec-
tive home points. Simulated displacements fit the lower 20% of
observed displacements, but did not fit middle to large displace-
ments well (Fig. 6a). We added random establishment of new home
points in an attempt to recreate larger displacements with SHIFT,
but movement driven by turn angles still underestimated observed
distributions (Fig. 6b). We used MOVE in an attempt to allow deer
to accept a series of moves that would lead to large displace-
ments, but keep the majority of displacements small. The model
MOVE appeared to simulate the correct proportion of the popula-
tion making larger moves, but the resulting displacements were still
too small (Fig. 6c). The addition of a small proportion (10–13%) of
emigrators considerably improved the fit of the models to empir-
ical distributions (Fig. 6d). The same progression of relationships
between observed and simulated movements developed for white-
tailed deer and mule deer in western Nebraska (Fig. 7a–d). We
believe the resulting fit of MOVEwEMI to the empirical distribu-
tion will be suitable to simulate movement of deer in an attempt to
predict the potential for the spread of CWD in Nebraska.

Since 1997, 115 CWD-infected deer have been documented in the
Panhandle of western Nebraska (NGPC, personal communication;
Fig. 8). The North Platte River runs west-east across Nebraska. The
potential for establishment of CWD in eastern Nebraska is assumed
to be high if sympatric mule deer and white-tailed deer use the river
valley as a travel corridor. Transmission of CWD occurs through
feces, urine, blood, saliva, and residual environmental contamina-
tion (Williams et al., 2002; Mathiason et al., 2006). We observed a
herd of about 50 mule deer (including 4 collared deer, Fig. 1) migrate
approximately 100 km away from an area known to contain the dis-
ease and perpendicular to the river corridor for 6 months. If any of
these deer were actively shedding CWD, they likely introduced the
disease agent into previously uninfected areas. The spread of CWD
in Nebraska may be driven by the highly variable movements made
by a small proportion of deer. We observed large displacements
(10–100 km, for dispersal, migration, and unknown reasons) that
if made by an infected individual, would potentially establish the
disease in a new area. Precise estimates of transmission rates, incu-
bation times, and latency of CWD are unavailable, but transmission
and potential for introduction due to environmental contamina-
tion are assumed to be high, given the observed movements of deer
(Oyer et al., 2007). The appearance of cases outside of the Panhan-
dle region of western Nebraska may illustrate the early stages of
individual deer establishing CWD in previously naïve populations
(Fig. 8).

The differences in the optimal parameters for MOVEwEMI
(Table 5) are reasonable and indicative of the differences between
the deer in eastern and western Nebraska. We expected parameter
values to favor larger moves and resulting displacements for deer
in western Nebraska over those in eastern Nebraska based on the
empirical distribution of displacements (Fig. 3). Deer in DNWR have
ample food, water, and cover available in relatively small heteroge-
neous patches of intermixed food an cover, while deer in western
Nebraska travel longer distances between large homogenous blocks
of cropland or pasture.

We used an individual-based model to account for potential
differences in movement characteristics by different species, sex,
and age classes of deer. Older males, and males in general, tend
to carry CWD in higher prevalence than other sex–age classes of
deer (Miller and Conner, 2005), and thus may be best modeled as
individuals rather than part of a population. Our movement mod-
els will be used in conjunction with survival and epidemiological
models to predict the spread of CWD in Nebraska. We will simulate
the movement of deer concurrently with mortality and parturition
over several generations to determine the probability of establish-
ing CWD into previously unexposed populations across the state.

We will then use simulated transmission of CWD and thresholds of
higher probabilities of potential occurrence based on repeated sim-
ulation of redistribution of the population based on MOVEwEMI to
determine the risk of outbreak and significant mortality of deer in
eastern Nebraska if the disease was carried there by dispersal of
infected deer or transportation of an infected carcass by hunters.
Results will be used to help determine sampling procedures for
future surveillance and the potential for vaccination (Pilon et al.,
2007). Culling has been proposed as a means to slow the spread
of CWD, both by killing infected deer and by lowering densities of
deer, which could lead to less dispersal (Williams et al., 2002). Our
results indicate that selective culling of individuals that migrate or
disperse may help slow the spread of the disease. Deer that migrate
or disperse have the potential to spread CWD greater distances into
areas that were previously uninfected.
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