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Few studies have documented fine-scale movements of ungulate species, including white-tailed deer (Odocoileus virginianus),
despite the advent of global positioning system (GPS) technology incorporated into tracking devices. We collected fine-scale
temporal location estimates (i.e., 15 min/relocation attempt) from 17 female and 15 male white-tailed deer over 7 years and 3
seasons in Oklahoma, USA. Our objectives were to document fine-scale movements of females and males and determine effects
of reproductive phase, moon phase, and short-term weather patterns on movements. Female and male movements were primarily
crepuscular. Male total daily movements were 20% greater during rut (7,363 m =+ 364) than postrut (6, 156 m = 260). Female daily
movements were greatest during postparturition (3,357 m + 91), followed by parturition (2,902 m =+ 107), and preparturition
(2,682 m =+ 121). We found moon phase had no effect on daily, nocturnal, and diurnal deer movements and fine-scale temporal
weather conditions had an inconsistent influence on deer movement patterns within season. Our data suggest that hourly and
daily variation in weather events have minimal impact on movements of white-tailed deer in southern latitudes. Instead, routine
crepuscular movements, presumed to maximize thermoregulation and minimize predation risk, appear to be the most important

factors influencing movements.

1. Introduction

White-tailed deer (Odocoileus virginianus) movement studies
have focused on movements of white-tailed deer at varying
spatial scales, from large-scale dispersal and migration to
small-scale movements within home ranges and habitats
[1]. However, few studies have documented fine-scale
temporal movements (i.e., movement distance calculated
<1 hour) of ungulate species [2], including white-tailed
deer, despite the advent of global positioning system (GPS)
collars.

A number of factors influence deer movements including
physiology, which includes breeding and parturition, gen-
eral changes in season and daylength, and environmental
influences such as weather. Reproductive phase influences

spatial ecology of both sexes. Females alter home range
size, mobility, and social interactions [1, 3-5]. For instance,
home range size of females was smaller during parturition
subperiods (14 May-14 July) than during spring, possibly
because of changes in movement patterns [1]. Studies con-
ducted in both captive [3, 4] and free-ranging populations
[5-7] have reported similar reductions in female home
range size during parturition. Males increase home range
size during rut, presumably to search for receptive females
[8]. However, Webb et al. [1] reported no change in home
range size but documented more linear movement patterns.
Further information is needed to determine if more linear
movements are the result of a general change in movement
pattern, without a change in movement distance, or because
of increased movement distances.



Deer activity relative to environmental factors has been
evaluated across the northern U.S. [9-14]. Less extensive
studies examined broad-scale temporal relationships of
white-tailed deer activity and movement patterns to environ-
mental conditions in the southern U.S. [15-19]. Thus, infor-
mation on fine-scale temporal responses to environmental
variables is largely restricted to the northern portion of the
species’ range. Winter weather conditions are not as severe in
southern climates compared to snow laden northern climates
[20]. However, high temperatures during summer may exert
greater influences on deer movement patterns in southern
climates. By correlating short-term weather phenomena with
fine-scale deer movements we hope to gain insight into the
effect of weather on deer movements.

The effect of moon phase on white-tailed deer has
received much attention in popular literature [21]. Some
scientific studies of moon phase and deer activity have used
visual observations [12, 15, 22], which could have been
affected by visibility of the deer and human disturbance.
Several other studies [14, 23, 24] used radio telemetry to
relate activity rates or movements to moon phase with varied
results. Studies quantifying animal activity or movement are
few; thus, more data are needed to test effects of moon phase
on deer movements.

Using fine-scale temporal data (i.e., 15 min/relocation),
we documented the effects of reproductive phase, weather,
and moon phase on deer movements at a temporal scale
not previously reported for white-tailed deer. Our objectives
were to (1) document and compare fine-scale temporal
movements of females during parturition and males during
rut, (2) determine the effects of moon phase on deer
movements, and (3) determine the effects of short-term
weather patterns on deer movements. Because our main
objective was to document fine-scale movements of deer as
accurately as possible we used a short sampling interval [25].
We hypothesized that females and males would show similar
trends in movement patterns during spring because both
sexes would be concentrating on foraging to meet metabolic
requirements for fawn production and antler growth, respec-
tively. We hypothesized that movements of females during
summer would decrease because of parturition and care of
young and movement of males during winter would increase
because of searching behaviors associated with breeding.
Last, we hypothesized that moon phase and weather would
have relatively little influence on deer movements because
seasonal weather conditions are less severe in southern
latitudes.

2. Methods

2.1. Study Area. We conducted our study on the Samuel
Roberts Noble Foundation Wildlife Unit (NFWU) located
in southern Oklahoma in Coal, Hughes, and Pontotoc
Counties (Figure 1). The NFWU is 1,214 ha in size and is
8.0 km south of Allen, Oklahoma in the Cross Timbers and
Prairies ecoregion. A 2.5-m tall, high-tensile electric fence
(HTEF) containing 15 smooth wire strands with alternating
positive and negative wires was erected around 1,184 ha of
the study area. The HTEF was not a complete barrier to
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FiGURE 1: Samuel Roberts Noble Foundation Wildlife Unit located
in Coal, Hughes, and Pontotoc Counties, Oklahoma, USA.

deer movements. Tagging and GPS collar studies found deer
passed through the fence and home ranges and movements
were minimally affected by its presence [1, 26]. The NFWU
is approximately 60% wooded and 40% open, with a high
degree of interspersion [27]. During years when collars were
operational, rainfall ranged from 64.8 to 117.6 cm (Ada, OK
[28]). Average January temperature was 4.8°C and average
July temperature was 27.7°C during the study (Ada, OK
[28]). Hunting pressure was light to moderate, primarily
for females to control population numbers whereas harvest
of males was restricted to individuals =3.5 years. Trends
in population estimates revealed that the population was
increasing during the study with the last 2 years having
the highest estimates (1 deer/7.2 ha). Population estimates
ranged from 1deer/18.5ha to 1deer/7.2ha (K. L. Gee,
unpublished data).

2.2. Capture and Handling. We captured deer using a drop-
net [29, 30] baited with corn during winter and a tranquilizer
dartgun (Pneu-Dart, Inc., Williamsport, PA, USA) during
fall. We sedated deer using Xylazine (3—6 mg/kg, Phoenix
Scientific, St. Joseph, Missouri, USA) or a Telazol-Xylazine
mixture (4.4 mg/kg Telazol, Fort Dodge Animal Health,
Fort Dodge, 1A, USA, plus 2.2 mg/kg xylazine) and used
yohimbine (Abbott Laboratories, North Chicago, IL, USA)
at 0.125 mg/kg or tolazine at 0.4 mg/kg as an antagonist to
the xylazine. We captured 38 (21 females, 17 males) adult
deer (=1.5 years) during autumn over 7 years; 5 (4F, 1M)
in 1998, 2 (1E, 1M) in 1999, 5 (3F, 2M) in 2000, 5 (2F, 3M)
in 2001, 10 (4F, 6M) in 2002, 8 (7F, 1M) in 2003, and 3 (OF,
3M) in 2004. Deer were fitted with a G2000 remote-release
global positioning system (GPS) collar (Advanced Telemetry
Systems, Isanti, MN, USA) and plastic livestock ear tags.
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We excluded data from 6 deer because of collar malfunctions
(3), short tracking periods of <7 days (1), and small sample
size for females during winter (1) and males during summer
(1). Thus, we analyzed data on 32 of 38 (9 females and 9
males during spring, 8 females during summer, and 6 males
during winter) deer for a total of 130,098 GPS locations.
On average, collars collected 4,065 locations (+£354) for an
average of 54 days (+3). Average age of females at time of
data collection was 3.6 (£0.3) and 3.6 (+0.4) for males. Only
1 deer, a male, was <2 years at time of data collection.

2.3. Data Collection

2.3.1. GPS Location Fixes. We programmed GPS collars to
begin collecting data during 1 of 3 seasons: spring (March—
May; n = 20; 10F, 10M), summer (June—August; n = 11;
10F, 1M), and winter (November—February; n = 7; 1F, 6M).
A GPS fix was attempted every 15 minutes for 60-75 days,
which would result in 4 fixes/hr. At our fix schedule, memory
was exceeded before the end of battery life. No individual
deer provided data during an entire season because memory
capacity of the collar was exceeded. Hereafter, we refer to
the distance moved between 2 fixes as a movement. Four
movements are possible/hr by using all fixes within an
hour and the first fix of the following hour. We remotely
triggered release of collars after approximately 4 months and
downloaded location estimates.

2.3.2. Moon Phase. We used proportion of the moon’s
surface illuminated, which is a quantitative measure of the
moon’s appearance, as a surrogate for moon phase similar
to Beier and McCullough [14]. Percentage illumination is
calculated as area illuminated divided by total moon area
multiplied by 100. We did not differentiate between waxing
and waning crescent or gibbous phases or between first
and last quarters. We also did not account for cloud cover
because we were only interested in documenting movements
relative to moon phase and not moon visibility. We classified
moon phase as new (0.0-0.05), crescent (0.2-0.3), quarter
(0.45-0.55), gibbous (0.7-0.8), and full (0.95-1.0). If moon
phase did not fall into one of the aforementioned phases
then it was grouped into an “other” category and also
was included into our analyses. Astronomical data were
downloaded from the United States Naval Observatory web-
site (http://www.usno.navy.mil/USNO) for Allen, Oklahoma
(8 km south of the NFWU).

2.3.3. Weather Conditions. We obtained weather data from
the Oklahoma Mesonet system, a network of environmental
monitoring stations (http://www.mesonet.org/). The net-
work consists of over 110 automated stations with at least one
station in each of Oklahoma’s 77 counties. Environmental
conditions, measured every 5 minutes, are recorded at
the Oklahoma Climatological Survey. We obtained mean
hourly estimates of 5 weather variables from the Centra-
homa reporting station, which was located 18.0 km south-
southeast of our study area. The variables we collected
were air temperature (°C), wind speed (m/sec; 1 m/sec =
3.6 km/hr), pressure (millibars), relative humidity (%), and
total precipitation (mn; 10 mn = 1 cm).

2.4. Analysis

2.4.1. Hourly Movements. We determined total hourly dis-
tance travelled by adding straight-line distances between
successive fixes for individual deer. We calculated a mean
distance traveled by hour for each deer and used these means
to calculate an overall mean of hourly movements by sex
and season. Because of the short-time interval, we only used
deer with all 4 movements/hr. We used a 2-sample ¢-test,
assuming equal variances, to compare hourly movement
distance between females and males during spring, females
during spring and summer, and males during spring and
winter.

2.4.2. Effects of Reproductive Phase. On the study area, mean
conception occurred 30 November =+ 1.5 days (SE; range =
4 November—24 December) and mean parturition occurred
15 June + 1.5 days (SE; range = 23 May-12 July; [1]).
To avoid the influence of very early or late conceptions
on mean conception date, we defined reproductive seasons
according to the frequency of conceptions by week. We
divided parturition into 3 subperiods similar to Webb et al.
[1]: preparturition (14 May-7 June), parturition (8 June—
22 June) and postparturition (23 June—14 July). Based on
conception dates the rut was partitioned into 2 subperiods:
rut (18 November—1 December) and postrut (2 December—
23 December). No males were tracked prior to the beginning
of the rut sub-period.

To evaluate differences in total daily deer movement
by reproductive sub-period, we used a repeated measures
design (PROC MIXED [31]) with day as a repeated measure
and deer as subject, which specifies the unit within which
observations are correlated [32]. We selected our covariance
structure using restricted maximum likelihood and Akaike
information criterion corrected for sample size (AICc [33]).
Based on model results, we used a first order autoregressive
covariance structure for females and a compound symmetry
covariance structure for males.

2.4.3. Diurnal/Nocturnal Movements. We downloaded sun-
rise and sunset data for Allen, Oklahoma (8 km south of
the NFWU) from the United States Naval Observatory web-
site (http://www.usno.navy.mil/USNO) to determine diurnal
and nocturnal movements. Diurnal hours were calculated
as the hour of sunrise to the hour of sunset and nocturnal
hours as the next hour after sunset and the last hour
before sunrise. Deer with >2 movements/hr within time
period were used in these analyses. A diurnal :nocturnal
movement ratio (D:N [34]) also was calculated from
movement rates within diurnal and nocturnal periods.
Diurnal : nocturnal ratios < 1 indicate greater nocturnal
movements and D:N > 1 indicates greater diurnal move-
ments. Movement rates were used to calculate D : N ratios
instead of movement distance to account for variations in
daylength.

2.4.4. Moon Phase. To test for effects of moon phase, time
period (i.e., diurnal and nocturnal) and moon phase X
time period interaction on sex and seasonal deer movement



rates (response variable), we ran a 2-way repeated measures
ANOVA (PROC MIXED [31]) with moon phase as a
repeated measure and deer as subject. Movement rate was the
metric used in our ANOVA because of unequal hours within
time period. We used a compound symmetry covariance
structure.

2.4.5. Weather. To determine the effect of weather conditions
on deer movement patterns within their normal activity
rhythms, we totaled the distance moved within each of 4 3-
hr time periods using only deer with all 12 movements/time
period. Analyzing data during each 3-hr time period allowed
us to relate deer movements to actual weather during that
time period. Morning movement period was defined as
movement during the hours of 0600-0859 hours for females
during spring and summer and for males during spring
and from 0700-0959 hours for males during winter. Mid-
day movement period was 1200—1459 hours for females and
males during all seasons. Evening movement period was
defined as 1700-1959 hours for females during spring and
males during spring and winter, and 1900-2159 hours for
females during summer. Midnight movement period was
from 0000-0259 hours for females during spring and males
during spring and winter, and 0100-0359 hours for females
during summer.

To assess whether each weather variable was related to
movements, we used general linear models with repeated
measures (PROC MIXED [31]) to calculate parameter
estimates by sex, season, and time period with day as a
repeated measure and deer as subject. We used a spatial
power covariance structure for our models.

Despite having sufficient sample size and power to detect
general linear relationships, we also considered potential
nonlinear effects extreme weather conditions may have on
deer movements. We calculated z-scores (PROC STAN-
DARD [31]) based on standard deviations from the mean
for each of the 5 independent weather variables during
times specified for each sex, season, and time period. We
used a repeated measures ANOVA (PROC MIXED [31])
with time period (i.e., morning, midday, evening, or night)
as a repeated measure and deer as subject to compare
movement rates of deer during periods of extreme weather
(i.e., low and high) and normal weather. We compared deer
movements that occurred when weather conditions were >1
SD above the mean, <1SD below the mean, and between
the 2 extremes (i.e., —1 to 1) for each weather variable.
Assuming normal distributions of weather variables, 68% of
observations would fall within =1SD of the mean leaving
16% of observations above and below 1SD of the mean,
respectively. Data were analyzed by sex, season, and time
period. Because precipitation did not deviate below 1SD
from the mean, we compared movements during extreme
highs in precipitation to movements during periods of no
precipitation. We used a compound symmetry covariance
structure for our models. When a significant F-test occurred,
we used Tukey’s mean comparison test to compare among
weather conditions.

To determine if diel changes in weather conditions
influenced movement patterns we calculated differences in
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weather conditions from 1 day to the next within the middle
hour for each of the 4 aforementioned movement periods.
We used a repeated measures ANOVA (PROC MIXED [31])
with hour as a repeated measure and deer as subject to
compare movement distances of deer among 7 equidistant
categories relating to changes in pressure (—10.4——7.2;
-7.2—4.0; —4.0--0.8; —0.8-2.4; 2.4-5.6; 5.6-8.8; 8.8—
12.3), precipitation (—13.8-—9.9; —9.9——6.0; —6.0——2.1;
—-2.1-1.8; 1.8-5.7; 5.7-9.6; 9.6-13.8), temperature (—10.2—
-7.6; —7.6——5.0; —5.0-—2.4; —2.4-0.2; 0.2-2.8; 2.8-5.4;
5.4-8.1), wind speed (-2.8——2; —2——1.2; —1.2——0.4; —0.4—
0.4; 0.4-1.2; 1.2-2.0; 2.0-2.8), and relative humidity (—25.3—
-18.1; -18.1--10.9; —-10.9--3.7; —3.7-3.5; 3.5-10.7; 10.7—
17.9; 17.9-25.1). Data were analyzed by sex, season, and hour
to account for sex, season, and hour specific movements
while using a compound symmetry covariance structure for
our models.

All statistical analyses were conducted using SAS 9.1
[31]. We used an a priori « = 0.05 for statistical tests.
All means are reported with standard error (£SE) unless
otherwise noted. For all repeated measures designs and
mixed models, we used a degrees of freedom adjustment
developed by Kenward and Roger [35]. The Kenward-Roger
option accounts for unbalanced data, multiple random
effects, and any model with correlated errors [32]. We
examined plots of residuals and normal probability plots to
evaluate normality assumptions.

3. Results

Mean number of movements/day was 79 = 0.3 (95%
CI: 78.7-80.1), which was within 95% of total distance
travelled if all 96 movements were used. Deer with 48—
59 movements/day accounted for <10% of all observations.

3.1. Hourly Movements. During spring, both sexes exhibited
2 primary peaks in movement from 0600-0800 hours and
again from 1700-1900 hours, which closely corresponded
with sunrise and sunset (Figures 2(a) and 2(b)). Peaks in
movements began at sunrise and 2 hours prior to sunset
(Figures 2(a) and 2(b)). Female movements ranged from a
low of 177 m (+28) at 0200 and 177 m (+31) at 1400 hours
to a high of 357m (+38) at 0700 hours. Male movements
ranged from 169m (£29) at 1100 hours to 403 m (=£23)
at 1800 hr. We found no difference in hourly movement
distance between females and males during any hour in
spring (P = .15).

Peak movements by females during spring were more dis-
tinct than during summer. Summer hourly movements were
around 150 m per hr (Figure 3(a)). Movements increased
after sunrise with peak movements occurring at 1200
hours (210m =+ 48) and just before sunset with another
peak at 2000 hours (210 m + 36) whereas movement was
lowest at 0300 hours (95m = 12; Figure 3(a)). Female
movements during spring exceeded movements during
summer 50% of the time and were similar the other 50%
of the time. Movements during spring were greater at
0200-0300, 0500-0800, 1100, 1300, and 1600-1900 hours
(P <.03).
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FIGURE 2: Mean hourly movements (m) of female (a) and male (b) white-tailed deer during spring (March—May).
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FIGURE 3: Mean hourly movements (m) of female (a) white-tailed deer during summer (June—August) and male (b) white-tailed deer during

winter (November—February).

Males in winter predominately moved during 0700-0900
hours and from 1700-1900 hours, immediately after sunrise
and sunset, respectively (Figure 3(b)). Decreased movements
occurred from 1200-1500 hours (Figure 3(b)). Movement
was greatest at 0700 hours (436 m + 55) and least at 1200
hours (131 m + 19; Figure 3(b)). We found male movement
distance differed from spring and winter for 5 of 24 hours.
Males moved greater distances from 0500—-0600 hr and 1900
hours during spring compared to winter (P < .04). At 0900
and 1700 hours male movements were greater during winter
than spring (P < .05).

3.2. Effects of Reproductive Phase. Female daily movements
varied by parturition sub-period (Fo¢33 = 3.35, P =
.04). Female daily movements were lowest during pre-
parturition (2,682 m =+ 121; 95% CI: 2,438-2,926) followed
by parturition (2,902 m + 107; 95% CI: 2,690-3,114). Female
daily movements during post-parturition (3,357m =+ 91;
95% CI: 3,176-3,538) were 25% and 16% greater than
pre-parturition and parturition, respectively. Movements
among females also were less variable during parturition
subperiods; therefore, females appeared to respond similarly
to parturition.

Male daily movements did not differ between rut and
postrut (Fy 144 = 3.33, P = .07). However, daily movements
during rut (7,363m + 364; 95% CI: 6,633-8,093) were
20% greater than during postrut (6,156 m = 260; 95% CI:

5,639-6,673), which represents a rather large increase in
movements over a short period of time. Male movements
also were more variable during the rut, which may indicate
different search patterns for receptive females.

3.3. Moon Phase. Moon phase had no influence on move-
ment rates (P > .15) or the interaction between time period
and moon phase (P > .25). Female movement rates during
spring (Fi 99 = 13.74, P < .01) and summer (F, 619 = 42.39,
P <.01; Table 1) were influenced by time period (i.e., diurnal
and nocturnal). Male movement rate also was influenced
by time period during spring (Fj 746 = 4.06, P = .04) and
winter (Fies4 = 10.96, P < .01; Table 1). After accounting
for daylength, female movement rates and male movement
rates during winter were greater during nocturnal hours (i.e.,
D:N =< 0.98; Table 1). However, male movement rates during
spring were greater during daylight hours (D:N = 1.04;
Table 1).

3.4. Weather

3.4.1. Linear Relationships. We found general linear trends
in movements related to 4 of the 5 weather variables in
only 8 of 80 (10%) models (Table 2). Temperature influenced
movements in 5 of 8 cases and rain, relative humidity and
wind speed each in 1 case (Table 2). Parameter estimates
of the 8 significant models do not provide useful biological
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TABLE 1: Seasonal diurnal and nocturnal hourly movement rates (m) and diurnal: nocturnal movement ratio (D : N) of females and males.

0,
Sex Season n Time period Mean (SE) 95% C1 D:N
Lower Upper
. 373 Nocturnal 219 (6) 207 230 0.98
Spring )
348 Diurnal 215 (6) 204 226
Female
312 Nocturnal 140 (3) 134 147 0.79
Summer
313 Diurnal 111 (2) 106 115
. 389 Nocturnal 202 (4) 193 210 1.04
Spring )
Male 377 Diurnal 210 (4) 202 218
. 363 Nocturnal 262 (7) 248 276 0.87
Winter .
341 Diurnal 228 (7) 214 241

TaBLE 2: Linear relationships between weather variables and female and male white-tailed deer movements across seasons and time periods.

Sex Season Period Variable Intercept Estimate SE df F p
Spring Morning Temperature 1,112.6 —14.70 7.21 136 4.15 .044
Female Night Precipitation 613.9 87.05 38.95 351 4.99 .026
Summer Evening Relative humidity 1,203.6 —-8.81 4.12 183 4.58 .034
Evening Temperature 1,351.8 —-20.37 5.67 141 1291 <.001
Spring Midday Temperature 820.7 -17.72 5.73 124 9.57 .002
Male Morning Temperature 1,441.8 —39.49 6.58 137 36.03 <.001
Morning Wind speed 1,228.3 —68.44 33.36 202 421 .042
Winter Night Temperature 673.4 13.67 6.85 167 3.98 .048

meaning as all parameter estimates were <29 m/hr, which
partially may be related to collar error or tortuosity of
movement paths at short time intervals. Overall, no apparent
trend (P > .06) of weather effects on movements of
either sex during any season or time period was observed
(Table 2).

3.4.2. Nonlinear Relationships. To assess nonlinear relation-
ships, we categorized weather conditions into 3 classes
(lower, normal and upper) based on deviations from normal
patterns by sex, season, and time period (Table3). We
found differences among movements categories relative to
weather conditions in 11 of 80 (13.8%) models (Table 4).
Temperature accounted for most (6 of 115 55%) differences in
movements, followed by relative humidity (3), precipitation
(1), and wind speed (1; Table 4). Overall, a general pattern in
how weather influenced deer movements was not observed,
except that temperature influenced deer movements more
than any other weather variable.

3.4.3. Diel Changes. Changes in weather patterns within
hour from 1 day to the next affected movements in 10
of 80 models (12.5%). Temperature, relative humidity and
wind speed each affected movements in 2 instances, whereas
precipitation and pressure affected movements in 1 and 3
instances, respectively (Figure 4). Movements were primarily
affected during hours of limited movements (i.e., 0100-0200,
1300; Figure 4). Besides weather influencing movements
during nonpeak movement periods, no other patterns of
weather influences on movements were observed.

4. Discussion

We found white-tailed deer movements primarily were
crepuscular, which is similar to trends previously reported
[14-16]. Although previous studies documented movements
were greatest near sunrise and sunset, parameter estimates of
movement distance may differ with frequency of relocations.
If the purpose is to accurately estimate movement distance,
and not just document trends in movement, then the shortest
sampling frequency between relocations should be used. We
also documented changes in daily movements across seasons,
which can reflect physiological changes within the animal or
responses to environmental change.

Analysis of data only across long-time periods, such as
seasons or years, may mask changes in movement patterns
at finer temporal scales (e.g., hours, days, or critical life
history phases). Subdividing seasons into biological seasons
pertaining to breeding, revealed changes in daily movement
patterns. Previous studies found that parturition influenced
home range size, movement, and social interactions [I,
3-5]. We also found that reproductive period influenced
female movements. Movements were greater during post-
parturition which may be influenced by increased fawn
mobility or increased energy requirements because of
demands from lactation. Increased energy demands may
require females to move farther between foraging patches.
Another analysis of our data showed that female home range
size (i.e., extent of space used) was less during parturition
compared to spring [1], which is similar to previous
research [3-7]. Based on fractal analyses, female movement
path tortuosity changed relative to parturition sub-period.
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TaBLE 3: Means (+SD) of temperature (°C), relative humidity (%), wind speed (m/sec), precipitation (mn), and pressure (millibars) during
each respective season and time period. Means + SD were used to compare movements during extreme weather events.

S . . Temperature Relative humidity =~ Wind speed Precipitation Pressure
ex Season Time period n
Mean + SD Mean = SD Mean + SD Mean + SD Mean + SD
Morning 397 10.75 £ 5.25 81.34 = 9.0 3.24 = 1.02 0.2 +0.84 992.11 = 5.12
Spring Midday 287 18.14 = 5.26 56.78 = 15.8 4.48 £1.23 0.09 = 0.44 990.39 + 4.96
Evening 378 16.38 = 5.23 61.82 = 14.48 3.34 = 1.08 0.16 = 0.87 989.79 = 5.01
Female Night 465 11.85 = 5.53 82.82 £ 9.07 2.58 £ 1.25 0.07 £ 0.41 990.51 = 4.93
Morning 282 22.74 = 1.87 88.51 + 4.31 2.37 £0.95 0.35 £ 1.22 990.92 + 2.51
Summer Midday 264 28.6 = 2.71 64.93 + 10.55 3.3+0.84 0.14 = 0.63 989.6 = 2.9
Evening 288 24.02 = 2.31 83.8 £4.72 1.55 + 0.69 0.0 + 0.02 988.83 = 2.63
Night 319 20.8 +£2.34 92.44 + 3.39 1.65 + 0.95 0.14 +0.74 989.09 + 2.89
Morning 363 10.9 £ 5.51 80.54 + 8.85 3.26 £ 1.16 0.12 = 0.69 992.28 = 5.13
Spring Midday 326 18.46 = 5.03 54.44 = 13.4 4.76 £ 1.27 0.09 + 0.45 990.7 = 5.07
Evening 394 16.74 = 5.26 60.01 = 12.72 3.45 + 1.06 0.18 £ 1.13 989.76 + 5.0
Male Night 395 11.49 = 5.98 81.03 £ 9.74 2.72 = 1.22 0.05 = 0.27 990.47 + 5.17
Morning 349 4.66 + 4.84 77.24 +10.12 343 £ 1.25 0.04 + 0.32 995.83 + 5.67
Winter Midday 309 12.04 + 4.84 51.74 = 15.38 4.71 £1.32 0.03 +£0.24 994.18 + 5.74
Evening 339 8.75 + 4.83 60.87 + 13.44 293+1.0 0.08 + 0.38 993.72 = 5.58
Night 355 4.33 £5.32 78.21 £9.43 2.85+1.18 0.07 £ 0.53 994.58 + 5.73

TaBLE 4: Differences in mean (+SE) movement relative to weather conditions. Weather conditions were classified as below normal (i.e., low)
if <1 SD from mean, above normal (i.e., high) if =1 SD from the mean, and normal if SD was —1 to 1. Values with the same letter did not

differ at &« = 0.05.

Sex Season  Time period = Weather variable F df P Low (=-1SD) Normal (—-1to1) High (>=1SD)
Midday Temperature 553 2,116  .005  935(143) A 784 (129) AC 568 (140) B
Spring . Relative humidity ~ 3.27 2,194 .04 774 (136) A 893 (124) AB 999 (132) B
Female Evening
Temperature 418 2,197 017 1068 (137) A 846 (126) B 877 (132) AB
Summer Midday Temperature 3.88 2,959 .024 283 (51) A 444 (30) B 359 (64) AB
Relative humidity ~ 3.40 2,186  .035  1322(110) A 1021 (55) B 1160 (118) AB
Morning Temperature 1433 2,182 <.001 1223 (52) A 1200 (52) A 610 (100) B
Spring Wind speed 345 2,160 .034 1330 (104) A 1061 (56) A 942 (113) B
Male Evening Temperature 597 2,248 .003 1268 (98) A 1070 (70) AB 867 (96) B
Night Precipitation 670 1,279 .01 — 519 (50) 844 (133)
Temperature 421 2279 016 623 (65) A 476 (53) B 559 (64) AB
Winter Evening Relative humidity — 4.93 2,244 .008 1256 (139) A 940 (121) B 987 (140) AB

Movements of females were more tortuous during peak
parturition, likely because females used smaller areas more
intensively [1].

Male deer also appear to change their daily movement
patterns in response to breeding period (i.e., rut and
postrut). Previous research has found that males will increase
home range size during rut [8]. However, home range size
between the rut and spring periods were similar for males
on the NFWU [1]. Males appear to confine movements to
previously established home ranges during the rut [1, 36] but
may change their activity [37] or movements patterns within
their home range based on fractal analyses [1]. We found
males also changed their movement patterns by increasing
movements during the rut compared to postrut. This finding
corroborates the finding that male movements during rut
were more linear, which may have resulted from increased

movement distance. Therefore, confining movements to
the home range may provide protection and security as
evidenced by high annual home range fidelity [36, 38].
Changing movement patterns within home ranges also may
be because of responses for available resources (e.g., receptive
females, forage, etc.), which will vary based on physiological
state and condition and habitat quality.

Few studies have documented changes in diurnal and
nocturnal movements across seasons. A study in Georgia
revealed female deer moved twice as far during diurnal hours
than nocturnal hours [16]. However, the D : N ratio reported
was partially influenced by increased daylength. We found
much lower D : N ratios because we accounted for number of
hours within each time period. Therefore, researchers should
consider using other possible movement parameters, such as
movement rate, to account for discrepencies in daylength.
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FIGURE 4: Plots of the effects of changes in weather within hour from day to day on hourly deer movements. Temperature influenced
movements of females during spring at 0100 hr (a) Fs 363 = 2.41, P = .036) and male during winter at 1300 hours ((b) Fs2,7 = 4.1, P <.001).
Males movements were affected by relative humidity during spring at 0100 hours ((c) F5341 = 2.56, P = .027) and 1300 hours ((d) Fe244 =
3.78, P = .001). Precipitation influenced female movements at 1300 hours during summer ((e) Fg25 = 3.35, P = .004). Pressure affected
movements of females during spring at 0100 hours ((f) Fy370 = 2.58, P = .037) and summer at 0200 hours ((g) F30 = 3.12, P = .046) and
male movements during winter at 1300 hours ((h) Fs,,5 = 4.82, P < .001). Male movements during winter were affected by wind speed at
1300 hours ((i) Fs 25 = 3.35, P = .004) and 1800 hours ((j) Fs303 = 3.01, P = .007).

Female nocturnal movements during summer were
greater than diurnal movements. However, in general, move-
ments during summer were reduced compared to spring.
Environmental temperature may influence activity rhythms
in animals [39]; thus, changes in female movements during
summer may be related to environmental conditions. How-
ever, our data indicated that environmental variation exerted
minimal influence on deer movements at fine temporal scales
within season. Therefore, changes in female movements from
one season to the next may reflect changes in physiological
state or acclimatization to seasonal conditions. Females
appeared to adjust time budgets relative to movements.
Movements generally were reduced during summer and
increased at night, which may be a behavioral adaptation to
reduce heat stress [39]. Because general movement patterns
were changed during summer, weather had little influence on
fine-scale temporal movements within this season.

We observed a large decrease in diurnal male movements
(i.e., D:N < 1) during winter compared to spring. Males
in our study may have become more nocturnally active in
winter because of hunting or the rut, both of which occurred
during the winter season. Female deer were found to be
less active during the hunting season during diurnal hours
compared to nocturnal hours and the nonhunting season
[40]. Males in our study may have responded in a similar
fashion by decreasing daytime movements to avoid contact
with hunters. Males also may have changed movement
patterns because of rut. If females were more active at night
during hunting season as found by Kilgo et al. [40], and since
hunting season typically coincides with the breeding season
and when females are in estrous on our study area, then it
follows that male movement patterns during that time period
may be similar to that of females because males are seeking
or accompanying females. Unfortunately, we had no data for
females during the rut, which makes examination of the 2
causes for changes in male movement patterns difficult.

The aforementioned explanations for nocturnal move-
ment may outweight the costs of increases in metabolic rate
during cold temperatures, which is related to thermoregula-
tion and activity [41]. Activity, or movement in the present
study, could incur a thermoregulatory penalty during cold
weather that increases with increasing activity [41]. If this
was true, deer should avoid moving at night during winter
when temperatures are lowest to avoid increased metabolic
rate. Temperature extremes in southern Oklahoma may not
be cold enough for deer to be metabollically stressed to
a point where compensation for increased metabolic rate
could not be recovered, which may explain why deer were
able to move more during this time. However, male deer
voluntarilly reduce forage intake during rut, which may
not allow them to meet metabolic requirements. Increased
movements and decreased forage intake during rut may offer
additional explanation for increased rut-related mortalities
in males [42, 43].

Increasing moon phase generally results in decreased
nocturnal activity or movements for many species (e.g.,
[44-48]. However, an observational study of mule deer
(Odocoileus hemionus) occurrence at salt licks found that
visitation to salt licks was highest during full moons [22].
Observational studies of white-tailed deer [12, 15], however,
found that moon phase had no effect on number of deer
sighted. We concur with the speculation of Zagata and Hau-
gen [12] that the increase in deer sightings during full moons
by Buss and Harbert [22] may have been because of increased
observer ability to see during full moons and not an effect of
moon phase itself. Observational studies are confounded by a
number of factors such as visibility, vegetation types, time of
day, and observer presence. Without the aid of night-vision
optics, which were not available during earlier studies, deer
would have been hard, if not impossible, to count during
new moons. Because of limitations of observational studies,
studies that remotely monitor animal movement or activity
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(e.g., activity collars and dataloggers; VHF telemetry; GPS
collars) are preferred.

Previous studies have used variable-pulse activity sensors
to monitor white-tailed deer [14, 49] and mule deer [24]
activity patterns relative to moon phase. None of the
aforementioned studies found an affect of moon phase on
deer activity patterns. These findings are similar to ours
in that moon phase had no influence on deer movement
patterns.

Much conflicting evidence on the affects of weather on
deer activity and movements exists in published literature
(8, 14, 16, 49]. Most studies have found minimal influence
of weather on deer activity and movements except during
certain seasons or environments. However, the 2 weather
factors that consistently affected deer activity and move-
ments, primarily in northern latitudes, were snow depth
and temperature [9, 14, 50-52]. These factors are not as
important to deer in southern latitudes, except for short
periods.

Determining the full effects of weather on deer move-
ments is often difficult because the two are often correlated
on a seasonal basis [53] and movements may be correlated
to predator activity, feeding [14] or breeding. However,
our analysis approach allowed us to examine the influence
of weather on deer movements within seasons and time
periods removing much of the seasonal and daily variation in
weather. In general, we found minimal evidence that weather
was having an influence on deer movements. Relationships
were weak and parameter estimates were small revealing
little biological significance in changes in movement distance
with changes in weather. Deviations from normal, seasonal
weather conditions did not reveal consistent patterns for
changes in movement. Interestingly, fine-scale temporal
changes in weather over a 24-hr period revealed movements
during nonpeak movement periods (i.e., midday and night)
were affected by some weather patterns whereas periods
of normal deer movements (i.e., crepuscular movements)
were not affected. Therefore, deer in the southern United
States may not be as affected by weather as deer from
northern latitudes, which experience more extreme weather
conditions (e.g., snowfall, prolonged temperatures <0°C).
Thus, deer tend to maintain normal, crepuscular movement
patterns regardless of weather conditions.

Temperature was the only weather variable showing
consistent effects on deer movements. Behavioral responses
of deer may occur when environmental temperatures during
summer are greatest or least during winter. Mule deer in
an arid rangeland in Washington spent less time active and
sought shade during hot weather =25°C [54]. However,
female deer in this study moved greater distances during
summer at times with normal to high temperatures and
less when temperatures were coolest. Although female deer
moved more during warmer temperatures of summer,
movements in general were less than other seasons, which
likely reduced heat stress from a general change in seasonal
movement patterns or habitat type. Males during winter
moved more when temperatures were lowest. Males may
have moved more during winter evenings when temperatures
were reduced in preparation of further drops in temperature
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during night. Therefore, males may have foraged more
intensively or moved longer distances during the evening to
reach favorable thermal habitats.

In conclusion, our study provided a thorough analysis
of movement patterns of white-tailed deer using geospatial
technologies that were not available in earlier studies.
Therefore, our use of geospatial technologies and frequent
interval between GPS fixes allowed us to model fine-
scale temporal movements of deer and examine influences
of short-term weather phenomena and moon phase on
deer movements. Our short-time interval between GPS
fixes (4 movements/hr or 2 movements/hr) likely captured
realistic movement distances even though movement paths
were tortuous [1]. Studies using relatively long intervals
between locations may underestimate movement distances
[55]. In addition to short intervals between GPS fixes, our
study also had the advantage of continuously recording
locations at 15-min intervals compared to previous studies
which used “bursts” of telemetry locations to sample hourly
or daily distance moved. Because our data were frequent
and not limited by sampling intensity, we more accurately
represented movement patterns across periods of interest.
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