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Abstract

Background Population growth and management in cervid species is dependent on reproductive ecology and
factors influencing juvenile survival. Aspects of the female’s movement behavior likely affect juvenile survival

and movement patterns of pregnant and lactating females differ from non-pregnant or non-lactating females.
Explanations for these differing movement patterns include change in nutritional demands for the female, isolation
during parturition, and predator avoidance. White-tailed deer (Odocoileus virginianus) are an important managed
cervid and a better understanding of their reproductive ecology, including the relationships between resources,
movement, and juvenile survival, can better inform management.

Methods Our objective was to determine if biological factors, such as female age, fawn age, number of fawns, as
well as characteristics of prepartum range affected the female’s postpartum daily movement or overlap of space
used pre- and postpartum in Sussex County, Delaware, USA (2,420 km?). We collected GPS locations 2 weeks pre-and
postpartum on 22 individual females from 2016 to 2017. In total, we recorded data from 263 days of postpartum
movement for an average of 12 days/individual. We used a hierarchical modeling process to test biological factors
and prepartum home range characteristics on two aspects of postpartum movement behavior, mean hourly
displacements and daily use of prepartum home range.

Results Mean hourly displacement decreased with increased female age and increased with number of known
fawns alive and the female's home range size prior to parturition. We found that as fawns aged the doe increased use
of the prepartum home range.

Conclusions Our results indicate that younger females are moving more than older females during lactation
potentially to access higher quality habitat. This increased movement increases nutritional demand and may play

a role in fawn survival. Females are more likely to use more of their prepartum home range as fawns age, a finding
congruent with previous research. This differentiation in metric response (movement rate vs. space use) emphasizes
the complexities of movement ecology and the importance of considering multiple dependent variables for complex
behavior.
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Background

Reproductive ecology and factors influencing juvenile
survival can have implications for population growth
and management in cervid species. To understand these
limitations, research on juvenile survival often focuses on
the condition of the juvenile [e.g., sex, birth mass, 1-3]
and the female [e.g., age, mass, parity status, 3—6]. How-
ever, aspects of the female’s movement behavior likely
affect juvenile survival. Movement patterns of pregnant
and lactating females differ from non-pregnant or non-
lactating females (i.e., never pregnant or early juvenile
loss) in cervids with juveniles following the “hider” and
“follower” strategies [7-9]. Explanations for these dif-
fering movement patterns include change in nutritional
demands for the female, isolation during parturition, and
predator avoidance [10-12].

Gestation and lactation are two of the most nutrition-
ally demanding aspects of a mammal’s life history. This
phenomenon is observed in white-tailed deer (Odocoi-
leus virginianus) with increased energy costs during the
final trimester of gestation and lactation; however, the
period of peak milk yield (10-27 days postpartum) is the
most energetically costly [13]. Increases in crude pro-
tein requirements during late gestation and lactation are
50-100% greater than requirements for routine mainte-
nance for females [14]. The increased energetic expen-
diture during peak lactation cannot be offset by nutrient
intake, and females are operating at a metabolic deficit
during this time [13].

Availability of resources needed for increased nutri-
tional demands during lactation could be dependent on
quality of forage within the female’s home range. Due
to social status, older females maintain relatively stable
home ranges throughout late pregnancy and lactation
and push away younger females with home ranges over-
lapping their core areas [15-17]. Although dominance
status is more likely a function of body mass rather than
age [18, 19], body size increases with age until females
are approximately 4 years old [20]. By reducing range size
and isolating from other individuals, older females have
exclusive access to known and potentially better-qual-
ity resources within their home range [21, 22]. Younger
females, however, are forced to find alternative and pos-
sibly suboptimal resources, which results in differences in
spatial patterns of younger and older females during late
pregnancy and lactation [17].

Ultimately, fawns of young females forced out of the
range of an older female may experience reduced sur-
vival. Young females may not find sufficient resources in
their new range, or they may have to travel greater dis-
tances between adequate food resources and suitable
cover for their fawns. A lack of resources or the need to
increase travel time, and therefore energetic costs and
time away from their fawns, reduces nutrition availability
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for the fawns and may reduce survival. Previous studies
found reduced fawn survival for younger females [3, 5,
22].

Our objective was to determine if biological factors
such as female age, fawn age, number of fawns, as well as
characteristics of prepartum range affected the female’s
postpartum daily movement or overlap of space used pre-
and postpartum. We hypothesized younger females were
excluded from high quality foraging areas (estimated
with landcover metrics) resulting in increased rates of
postpartum movement and decreased use of their pre-
partum space. We also hypothesized that movement and
space use were affected by the number and age of living
fawns. We predicted that the rate of postpartum daily
movement would be negatively correlated with fawn age
but positively correlated with the number of fawns, while
the degree of prepartum space used would be positively
correlated with fawn age but negatively correlated with
the number of fawns.

Methods

Study area

We conducted our research in Sussex County, Delaware,
USA (2,420 km?; Fig. 1), which consisted of a mixed for-
est-agricultural landscape. The county was comprised of
the following land cover types: agriculture (42%), forest
(including woody wetland; 35%), development (14%),
open water or herbaceous wetland (8%), and less than
1% each of bare rock, shrub, and grassland [23]. Major
agricultural crops were corn, soybeans, and winter wheat
[24]. The topography of Sussex County was flat with ele-
vation ranging from 0 to 21 m [25]. The deer density in
Sussex County was 19 deer/km? [aerial survey, 26] and
the mean parturition date was 28 May [3], with peak par-
turition timed to follow spring green-up. Although the
carnivore species typically associated with predation on
white-tailed deer were rare within the study area, partu-
rient females still demonstrated anti-predator strategies
in their parturition behaviors [27].

Temperatures during the study (2016-2017) ranged
from —14 °C to 36 °C. Average annual precipitation dur-
ing the study was 122 c¢m; comparable to the 30-year
(1981-2010) average of 119 cm [28]. Spring and summer
precipitation averaged 78 cm, with temperatures ranging
from 2 °C to 36 °C [29].

Capture and monitoring

We captured female white-tailed deer using rocket nets,
drop nets, and Clover traps baited with whole kernel corn
from December—April of 2015-2017 [30]. We captured,
immobilized, and handled animals following procedures
outlined in Haus et al. [31]. We aged deer using tooth
replacement and wear [32] and fit all females>1.5 years
of age with radio collars and vaginal implant transmitters
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Fig. 1 We monitored the postpartum movements of female white-tailed deer throughout Sussex County (gray), Delaware, USA during spring (April—

June) of 2016-2017

from Advanced Telemetry Systems (Isanti, Minnesota,
USA). We deployed GPS collars (model G2110E2 [820 g])
with vaginal implant transmitters (model M3930U [23 g])
linked to the collar via ultra-high frequency radiotelem-
etry [rVIT, 33] on 44 females. We followed established
guidelines for rVIT deployment [34, 35] and inserted
rVITs to a depth of 20 cm. We monitored animal condi-
tion and vital signs (temperature, heart rate, respiration)
until individuals left the capture site under their own
power. We received remote notifications for GPS col-
lared females including fix locations and rVIT status daily
until 1 May. Following 1 May, we received GPS locations
and rVIT status reports every hour. GPS collars recorded
hourly location data from 1 May-30 June in 2016 and 1
May-15 June in 2017.

We captured and monitored fawns for mortality [for
more details, see 3]. We located individuals every 12 h
during their first 28 days of life to ensure timely notifi-
cation of mortality status [36, 37]. The University of
Delaware Institutional Animal Care and Use Committee
approved all capture and handling procedures (protocol
#1288).

Variable calculation and data analysis
We subset all GPS data by removing any physically
impossible locations (e.g., locations in the ocean) but did

not remove locations based on dilution of precision error
screening [38]. Landscape characteristics associated with
location bias such as rugged topography and heavy can-
opy cover [39-41] are not typical within the study area.
Only one female was recaptured with successful location
of fawns in 2016 and 2017, and we considered this indi-
vidual with multiple years of location data as separate
individuals for each year because behavior changes as
deer age [42].

We estimated prepartum occurrence distributions
(hereafter, prepartum range) using location data for the
15 days prior to, but not including the parturition date
(e.g., parturition on 16 May, prepartum range estimated
for 1-15 May). We calculated prepartum ranges for each
female using the dynamic Brownian Bridge Movement
Model in the ‘move’ package [43] in program R [44]. We
informed the model with a window size of 7, margin of 3,
and location error of 10 m. Window and margin values
specified the length of a moving window in which val-
ues of motion variance were estimated based on change
points in the animal’s movement path. Allowing motion
variances to reflect changes in animal movement behav-
ior provided more accurate utilization distributions rela-
tive to traditional Brownian Bridge Movement Models
[45]. The earliest parturition date was 9 May, so all indi-
viduals had at least 8 days of hourly locations plus prior
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daily location data to establish their prepartum range
(Table 1).

To improve accuracy of the land cover uses, we merged
the land cover layer from the 2016 National Land Cover
Database [23] with a Wetland Reserve Program property
layer from the U.S. Department of Agriculture Natural
Resource Conservation Service in ArcMap 10.7.1 (ESRI,
Redlands, California, USA) [46]. We then reclassified the
land cover into open water, developed, grassland, forest
(including woody wetland), shrub, agriculture (including
pasture and row crop), emergent wetland, and Wetland
Reserve Program. For all additional spatial analyses, we
used program R, including the ‘sf’} ‘raster, and ‘land-
scapemetrics’ packages [47—-49]. We clipped each prepar-
tum range to the land cover raster and calculated class
and landscape metrics for each female each year. Metrics
of interest included the landscape shape index, Shannon
diversity index, mean shape index, contagion, and size of
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prepartum range (ha). These variables have previously
been associated with hypotheses of resource availability
for white-tailed deer [50].

To address our objective, we measured daily move-
ment and continued use of the prepartum range for 14
days postpartum. For each female for each day after par-
turition (e.g., parturition on 16 May, daily estimates for
17-30 May), we calculated the average distance moved
each hour by measuring the distance between subsequent
GPS locations and dividing by the time between locations
to account for missing hourly data, hereafter referred to
as mean hourly displacement. We also counted the num-
ber of postpartum location points inside and outside the
prepartum range to calculate the percentage of points in
the prepartum range, hereafter percent prepartum-range
use. We removed any postpartum day that did not have at
least 19 data points for the 24-hour period (>75%). This
removed individuals from the dataset that did not give

Table 1 Location and movement data summary by white-tailed deer females from Sussex County, Delaware, USA, 2016-2017. Table
has a row of data for each female per year with female age (Age), parturition date (Date), number of fawns collared (# Fawns), data
from prepartum points (Prepartum) including number of points in analysis (# Points), mean hourly displacement in meters averaged
across days with hourly data (Displacement), size of prepartum range in hectares (Range), Shannon diversity index of prepartum range
(SDI), mean shape index of prepartum range (MSI), data from postpartum points (Postpartum) including number of days in analysis
(Days), number of points in analysis (# Points), mean hourly displacement in meters (Displacement), and average daily percent of
postpartum points in the prepartum range (% Range). For each individual Displacement and % Range is the average of available days.
Overall means across individuals are presented for # Points, Prepartum Range, SDI, and MSI. Mean, minimum and maximum values for
all individual-days are presented for pre- and postpartum Displacement and % Range

Prepartum Postpartum
Age Date # Fawns # Points Displacement  Range SDI MSI Days # Points Displacement % Range
4 5/24/2016 2 306 1079 61.2 1.04 1.78 9 181 943 875
4 5/9/2016 1 194 776 19.3 0.73 1.18 13 257 716 419
3 5/20/2016 1 331 1103 613 093 1.54 11 218 111.2 94.1
3 5/23/2016 1 322 68.4 17.8 0.71 1.38 12 236 488 813
5 5/22/2016 2 315 65.2 188 1.00 1.65 14 275 452 9.4
5 5/31/2016 2 330 64.2 153 0.65 1.39 13 256 49.1 894
6 6/1/2017 2 335 529 126 0.69 1.40 13 310 63.8 77.1
4 5/26/2016 2 309 86.6 372 0.92 1.57 11 218 82.1 93.0
3 6/1/2016 1 322 65.0 333 0.32 1.44 13 297 57.0 785
3 5/27/2016 2 320 718 26.0 0.58 1.37 13 256 29.5 96.0
3 5/20/2016 2 313 61.8 239 0.34 1.63 6 122 66.4 959
3 6/2/2017 2 367 118.0 453 1.03 1.70 12 288 101.8 344
2 5/15/2017 2 313 94.2 435 0.77 147 14 332 101.3 994
4 5/22/2017 2 335 752 30.7 1.14 1.53 14 330 789 95.6
4 5/19/2017 2 336 1143 66.5 0.62 1.56 14 317 1175 0.0
6 6/4/2017 2 337 69.2 385 0.62 141 11 264 68.2 60.2
3 5/28/2017 2 342 89.1 522 0.88 1.80 14 332 86.0 984
2 5/28/2017 2 335 101.0 358 0.57 145 14 331 116.9 9.6
5 5/30/2017 2 336 73.0 232 0.82 141 14 332 86.5 913
4 6/10/2017 2 335 108.7 425 0.61 140 4 94 1228 97.9
2 6/4/2017 1 353 82.2 306 0.50 1.34 10 239 1216 925
4 5/23/2017 2 335 84.3 40.5 0.57 1.63 14 333 148.8 500
Mean 324 81.6 353 0.73 1.50 12 264 84.0 73.53
Minimum Daily Value 11.5 134 0.0
Maximum Daily Value 301.2 2551 100.0
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birth during the hourly data collection window (i.e., after
30 June 2016 or 15 June 2017). Additionally, we deter-
mined the number of surviving collared fawns for every
female each day, the age of the fawns (days since parturi-
tion if living), and categorized female age as mature (=4
years old) or immature (<4 years old) [3].

We tested for collinearity between variables using a
Pearson correlation test and excluded 1 or both variables
from the same model if |r| > 0.6. Prepartum range size
was correlated with landscape shape index, and Shan-
non diversity index was correlated with contagion. We
removed landscape shape index and contagion from fur-
ther analyses because prepartum range size and Shannon
diversity index were more easily interpreted. As expected,
the number of surviving fawns was correlated with fawn
age, so these variables were not used in the same models.
Female age and female maturity were also not used in the
same models because we created female maturity using
female age, thus, these variables were highly correlated.

We assessed which variables affected daily female
movement by fitting linear, mixed-effects models in a
maximum likelihood framework to assess mean hourly
displacement with individual female ID as the random
effect. To assess daily postpartum use of the prepartum
range, we fit logistic regression models with mixed-
effects to assess the probability postpartum points fell
within the prepartum range by using the ‘cbind’ function
with the number of points inside and outside of the pre-
partum range and individual female ID as the random
effect. We conducted analyses for both response variables
in program R using the ‘lme4’ package [51].

We created a priori model sets for each response vari-
able (i.e., mean hourly displacement and percent pre-
partum-range use). We approached modeling with a
two-step process, first we identified which biological vari-
ables best predicted each response variable and then used
the variable(s) from the top biological model in combina-
tion with the landscape variables to create a landscape
variable model set. This approach reduced the total num-
ber of models fit by eliminating additional combinations
of biological and landscape variables. We fit biological
variables first because there is a larger body of research
supporting the effect of these variables on female post-
partum movement and allowed us to account for this
known variation before addressing variation due to
aspects of the landscape associated with resource avail-
ability. The model set for biological variables included 8
models. We used female age, female maturity, number of
fawns, and fawn age (as an interaction of days since par-
turition and a binary indicator of whether at least one
fawn was alive) each in a model and then combinations
of female age or female maturity with number of fawns
or fawn age. The second model set focused on landscape
variables and had 7 models. Each model included the
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variable(s) from the top biological model and univariate
or all possible combinations of landscape variables: pre-
partum range size, Shannon diversity index, and mean
shape index.

We used Akaike’s Information Criterion scores cor-
rected for small sample sizes (AICc) to determine the
top model in both model sets for each dependent vari-
able [52]. Due to the hierarchical nature of the analysis,
we only used variables from the top biological model in
the landscape model set. We considered models within 2
AAICc of the top model to be competing within the land-
scape model set [52].

Results

Of the 44 captured individuals, we identified and collared
at least 1 fawn for 26 parturition events due to a~40%
failure rate for either rVITs or GPS collars [33]. An addi-
tional 4 females were removed from the study when they
did not meet the daily 19-locations requirement for any
day postpartum. We used 22 individuals in our analy-
sis with an average female age of 4 years. In total, we
recorded data from 263 days of postpartum movement
for an average of 12 days/individual (Table 1). Hourly
mean displacement was slightly more variable during
prepartum period than postpartum period (Table 1).

The top model in the biological model set for mean
hourly displacement included female age and the num-
ber of fawns living. The second model only included
number of fawns living (AAICc=1.25; Table 2). We used
female age and number of fawns living as the base model
for the landscape model set. The top model in the land-
scape model set included size of the prepartum range in
addition to the biological variables (Table 2). After par-
turition, older age females had shorter mean displace-
ments than younger age females (p = -7.17, SE=5.66)
and increased with both number of fawns (f=19.16,
SE=4.39) and size of the prepartum range (p=1.14,
SE=0.42; Fig. 2). The second model (AAICc=1.45)
included the biological variables, prepartum range, and
mean shape index, however the standard error for mean
shape index exceeded the parameter estimate and this
variable was not considered informative. The top 4 mod-
els included the biological variables and prepartum range
size (cumulative AICc weight=0.89).

The top model in the biological model set for propor-
tion of points in the prepartum range was the model
depicting fawn age as an interaction between days since
parturition and fawn survival status. The second model
included fawn age and female maturity (AAICc=1.29;
Table 3) with the model including fawn age and female
age following close behind (AAICc=1.75). We used the
biological variable fawn age as the base model for the
landscape model set because, while the models including
female maturity and age were competitive, the standard
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Table 2 Model results for biological and landscape model sets for mean hourly displacement (Dis.) of postpartum females in Sussex
County, Delaware, USA, 2016-2017. Models within each set are ranked based on the lowest Akaike’s Information Criterion adjusted for

small sample size (AICc) where AAICc=AICci — minimum AlCc, K=number of parameters, w=AlCc weight, and LL =log likelihood

Model AAICc K w LL
Biological Dis. ~ Female Age + Number of Fawns 0.00 5 0.56 -1305.61
Dis. ~ Number of Fawns 1.25 4 0.30 -1307.27
Dis. ~ Female Maturity + Number of Fawns 3.30 5 0.1 -1307.26
Dis. ~ Female Age + Fawn Age® 748 7 0.01 -1307.25
Dis. ~ Fawn Age 7.70 6 0.00 -1308.41
Dis. ~ Female Maturity + Fawn Age 9.81 7 0.00 -130841
Dis. ~ Female Age 16.74 4 0.00 -1315.02
Dis. ~ Null 16.87 3 0.00 -1316.12
Dis. ~ Female Maturity 18.93 4 0.00 -1316.11
Landscape Dis. ~ Female Age + Number of Fawns + Prepartum 0.00 6 044 -1302.51
Range Size
Dis. ~ Female Age + Number of Fawns + Prepartum 145 7 0.21 -1302.17
Range Size + Mean Shape Index
Dis. ~ Female Age + Number of Fawns + Prepartum 2.01 7 0.16 -1302.46
Range Size + Diversity Index
Dis. ~ Female Age + Number of Fawns + Prepartum 358 8 0.07 -1302.17
Range Size + Mean Shape Index+ Diversity
Index
Dis. ~ Female Age + Number of Fawns 4.11 5 0.06 -1305.61
Dis. ~ Female Age + Number of Fawns+Mean 5.68 6 003 -1305.34
Shape Index
Dis. ~ Female Age + Number of Fawns + Diversity 6.00 6 0.02 -1305.50
Index
Dis. ~ Female Age + Number of Fawns + Diversity 7.77 7 0.01 -1305.33
Index+Mean Shape Index
Dis. ~ Null 20.99 3 0.00 -1316.12
?Fawn Age includes days since parturition, fawn survival status, and an interaction between these variables
—
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Fig. 2 Model output from the top overall model for mean hourly displacement based on age of white-tailed deer female and number of known living

fawns in Sussex County, Delaware, USA, 2016-2017
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Table 3 Model results for biological and landscape model sets for percentage of postpartum female locations in the prepartum
ranges (%R) in Sussex County, Delaware, USA, 2016-2017. Models within each set are ranked based on the lowest Akaike's Information
Criterion adjusted for small sample size (AlICc) where AAICc=AlCci — minimum AlCc, K=number of parameters, w=AlCc weight, and

LL=log likelihood

Model AAICc K w LL
Biological %R ~Fawn Age® 0.00 5 0.51 -823.32
%R ~ Female Maturity + Fawn Age 1.29 6 0.27 -82291
%R ~Female Age+Fawn Age 1.75 6 0.21 -823.14
%R ~Number of Fawns 83.65 3 0.00 -867.21
9%R ~ Female Maturity + Number of Fawns 84.91 4 0.00 -866.81
%R ~Female Age + Number of Fawns 85.44 4 0.00 -864.08
%R ~Null 86.12 2 0.00 -869.47
%R ~ Female Maturity 87.45 3 0.00 -869.11
%R ~Female Age 87.99 3 0.00 -869.38
Landscape %R ~Fawn Age 0.00 5 0.27 -823.32
%R ~ Fawn Age + Diversity Index 1.20 6 0.15 -822.87
%R~ Fawn Age + Prepartum Range Size 122 6 0.15 -822.88
%R ~Fawn Age + Prepartum Range Size + Mean 1.76 7 0.11 -822.09
Shape Index
%R ~Fawn Age + Prepartum Range Size + Diversity 1.81 7 0.1 -822.12
Index
%R ~Fawn Age + Mean Shape Index 1.87 6 0.11 -823.20
%R ~Fawn Age + Prepartum Range Size + Mean 3.17 0.06 -821.73
Shape Index+ Diversity Index
%R ~ Fawn Age + Diversity Index+Mean Shape 331 7 0.05 -822.87
Index
%R ~Null 86.12 2 0.00 -869.47

2Fawn Age includes days since parturition, fawn survival status, and an interaction between these variables

error was larger than the parameter estimates in both
models and these variables were not considered infor-
mative. No landscape models ranked better than the
top biological model (Table 3) and additional variables
in all competing models had larger standard error val-
ues than parameter estimates. As the age of living fawns
increased the proportion of postpartum points in the
prepartum range also increased (days since parturition:
=0.03, SE=0.03; fawn survival status: =0.41, SE=0.31;
days since parturition X fawn survival status: $=0.09,
SE=0.03).

Discussion

Our results indicate that older females have higher move-
ment efficiency but does not fully support our hypothesis
that younger females are excluded from high quality feed-
ing areas since age did not affect changes in space use.
Smaller prepartum range also decreased postpartum dis-
placement indicating that individuals with access to areas
with higher quality forage and cover had lower energetic
demands. Additionally, we found support for our hypoth-
esis that postpartum daily movement and space use is
related to the number and age of living fawns. Postpar-
tum daily movement was positively related to the number
of living fawns, and prepartum space use during postpar-
tum was positively related to fawn age. We did not find

support for our prediction that postpartum daily move-
ment would be affected by fawn age or a relationship of
prepartum space use during postpartum with number of
fawns. This differentiation in metric response (movement
rate vs. space use) to the biological variables emphasizes
the complexities of movement ecology.

Mean hourly displacement was positively correlated
with both the number of surviving fawns and prepartum
range size which supports an association between post-
partum displacement and energetic demand. Home range
size is often used as an indicator of the nutritional quality
within the range, such that individuals occupying poorer
quality areas must have larger ranges to meet their nutri-
tional demands [53-55]. Similarly, an increase in the
number of nursing fawns would inherently increase the
female’s metabolic deficiency.

Previous research has demonstrated even minor reduc-
tions in maternal nutrient intake during lactation can
affect fawn behavior and survival. For instance, Ther-
rien et al. [56] found a 20% reduction from an ad libitum
food supply for lactating females lead to reduced rates
of growth and survival for their fawns. The greater post-
partum displacements we observed in younger females
suggests they must expend more energy to either find
available food resources or to avoid aggressive interac-
tions with more socially dominant females. Additionally,
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young females are still allocating energy to their indi-
vidual growth, which increases their nutritional demands
[20]. Such an increase in the metabolic deficit for young
females is likely associated with the reduced rates of
fawn survival for these individuals. In the absence of
carnivore species typically associated with fawn preda-
tion, Dion et al. [3] observed reduced survival rates of
fawns born to immature females (<4 years old) relative to
mature females (=4 years old). In that study, emaciation
was the most common condition related to fawn mortal-
ity; however, mean birth masses were similar between
fawns born to immature and mature females. Similar
birth masses suggest the nutritional deficiencies con-
tributing to reduced fawn survival in immature females
were occurring during the postpartum period [3]. When
considering the results of our study, the nutritional defi-
ciencies leading to the emaciation of fawns were likely
due to increased movement rates of the female, which
reduced time available to forage and increased energy
expenditure.

Contrary to our hypothesis that older females would
exclude younger females from their prepartum range
during their postpartum movements, we did not observe
an effect of female age or maturity status on the percent-
age of daily postpartum location points that occurred in
the prepartum range. A critical assumption of our initial
hypothesis was the prepartum ranges, which were likely
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shared by female social groups, are also the best fawning
territories. While prepartum areas occupied by matriar-
chal female groups may provide quality nutrition, females
regularly shift their space use around the time of parturi-
tion [9, 12, 57, 58], suggesting a trade-off between areas
of nutritional quality and areas of greater cover for fawns
or the need to increase fawn spacing for predator avoid-
ance. Due to this shift in resource use, the percentage
of daily postpartum location fixes within the prepartum
range does not likely reflect the social hierarchy within
matriarchal groups. We did, however, observe females
progressively increasing use of the prepartum range dur-
ing the postpartum period, and use of the prepartum
range was greater for females with living fawns than for
females who had lost their fawns. If the prepartum range
is an area of quality nutritional resources for the female,
the increasingly frequent use of this area during the
postpartum period likely relates to increases in both the
mobility of the fawn as well as an increasing metabolic
deficit during lactation [13, 59]. Females who lost their
fawns would experience a reduction in their metabolic
deficit, and aggression from females with fawns may limit
return to their prepartum range.

Our sample size for number of individual females was
relatively small and variation in individual behavior may
have affected our ability to identify overall trends (Fig. 3).
For example, one female moved 6.5 km between pre- and

X postpartum hourly displacement=49.1 m X postpartum hourly displacement=117.5m
Prepartum UD
0.8
~ 06
&
' ,g‘r - 04
A
. - 0.2
| I B .l
0 0.5 1 1.5 km 0 1.25 25 375 5km LL 00

Fig. 3 Examples of 95% utilization distributions (UD) from 2 parturient white-tailed deer (15-0 days prepartum) in southern Delaware, USA overlayed
with postpartum location fixes (hourly points for 14 days after parturition). The 5-year-old female on the left had 2 fawns, one died after 4 days and one
survived beyond the postpartum study period, 89.4% of postpartum location fixes occurred within the prepartum UD. The 4-year-old female on the right
had 2 fawns, one died after 11 days and one survived beyond the postpartum study period, 0% of postpartum locations occurred within the prepartum

ub
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postpartum ranges resulting in 0% of points in the pre-
partum range for every postpartum day, and another
moved ranges (1-km shift) after the death of her 2-day
old fawns (Table 1). This unique behavior likely affected
our ability to determine relationships between pre- and
postpartum range use with our biological and landscape
variables. Similarly, when identifying parturition events
from movement data, variation in individual’s movement
patterns reduced the ability to accurately identify the par-
turition window for white-tailed deer, however the same
approach worked well for elk (Cervus canadensis) [9].

In conjunction with our hypothesis that postpartum
movement ecology is driven by resource requirements of
the female is the hypothesis that fawn spacing for preda-
tor avoidance drives female movement ecology [60].
These hypotheses are not mutually exclusive and may
work in tandem to determine female movement. Under a
predator avoidance hypothesis, during the cryptic phase
fawns should be spaced apart to prevent a predator from
finding multiple neonates [60]. Competition for fawning
space may force some females to move farther from their
pre-partum range than others due to age, social status,
or timing of parturition [5, 58]. Our study found support
for the effect of anti-predator strategies on female move-
ment due to increased fawn numbers increasing the daily
movement rate of females. Spacing of multiple neonates
required additional movement for the female to care
for both individuals in separately located bedding sites.
Although our study area did not have any established
predator populations at the time of the study, previous
work in the area indicates that anti-predator behaviors
persist in the population [27].

Complexity in female movement ecology is due to mul-
tiple drivers affecting behavior. Nutritional demands,
necessity of anti-predator behavior, and parturition tim-
ing varies between individuals and over time for an indi-
vidual. These changes may cause issues in establishing
patterns of postpartum behavior [58], and in our study,
this is the likely cause for differences in ability to predict
our dependent variables. Our dependent variables were
selected to focus both on the location of female move-
ment (postpartum space use) as well as the amount of
movement (daily movement rate). Differences in predic-
tions for these aspects of movement ecology for both
our biological and landscape variables emphasizes the
complexity of movement ecology and the importance of
considering multiple dependent variables for complex
behavior. Ultimately, we found that over time females
move their fawns closer to their prepartum range,
increasing use, but still have increased movement rates
based on the number of fawns living. Movement rates
are additionally dependent on the size of the prepartum
range and the age of the female.
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Our results suggest differences in postpartum move-
ment behaviors reflect a gradient in metabolic deficiency
for younger and older females in white-tailed deer, which
likely has fitness implication in the form of reduced fawn
survival [i.e., 3]. Management actions attempting to off-
set fawn mortality rates via predator removal or habitat
improvements associated with fawning cover will not
likely achieve the desired demographic response unless
females of all ages have access to quality nutrition during
lactation.
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