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ABSTRACT

With a rapidly changing climate in the arctic there is concern that specialized species,
such as caribou (Rangifer tarandus), may not be able to adapt. Currently, the importance of
climatic changes for North-American caribou herds is unclear. In an effort to reduce this
knowledge gap | have analysed the movement behaviour of caribou in the Qamanirjuaq herd, in
the central Canadian Arctic, in relation to data regarding the presence/absence of snow and snow
depth.

Using collar data (n=69) from female caribou over a 16 year period (1993-2008) and
snow data from the climate model described by Liston and Hiemstra (2011), | identified where
the caribou spent each winter and how long they remained in an area. First, | investigated the
relationship between the presence/absence of snow and seasonal migration movements. Second,
| investigated the relationship between snow depth and the start of seasonal activity periods, and
more specifically whether patterns in the snow melt could explain why the calving area differed
between years. Finally, | investigated the movement behaviour during winter, as determined by
First Passage Time values (Fauchald and Tveraa, 2003), in relation to snow depth.

My results indicate that the presence/absence of snow as well as snow depth has an
impact on the movement rates of caribou cows in the Qamanirjuaq herd. During their fall
migration the collared caribou traveled south ahead of accumulating snow. Although there were
observational indications that the timing of the annual snow melt might affect their spring
migration, my results did not suggest this. Thus it was determined that the presence/absence of
snow did not affect the location of calving. It was hypothesized that snow depth influenced the
start dates of seasonal activity periods. My results only indicated this to be the case for the Post
Rut season, where the start date became later as snow depth increased. Additionally, it was
determined that snow depth hampers movement. Increases in snow depth resulted in the caribou

cows staying in an area longer.
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1 INTRODUCTION

Arctic climate is in a process of rapid change and the affect of this on species is of major
concern (Stien et al., 2012, Post and Stenseth, 1999, Hansen et al., 2011). Global surface mean
temperature has increased approximately 0.6°C to 0.7°C between 1951 and 2012 (IPCC, 2013)
and heavy precipitation has also likely increased in frequency (IPCC, 2013). Furthermore, the
arctic has seen an increase of about 2°C since the mid-1960’s (Hodgkins, 2014). The date of
snow cover disappearance in spring changed at a rate of 3 to 5 days per decade and the length of
snow free summers has also increased by 3 to 6 days per decade (Dye, 2002, Liston and
Hiemstra, 2011). The species that live year round in the Arctic have adapted to the harsh weather
characteristic of the winter period in the region. As the climate changes there is concern that

these specialized species may not be able to adapt to the changes (Post et al., 2008).

With its circumpolar distribution and often large herd sizes, caribou/reindeer (Rangifer
tarandus) is the most numerous large terrestrial herbivore in the Arctic. The majority of caribou
herds in Canada are in a state of decline (Festa-Bianchet et al., 2011), and it has been suggested
that a decline in Rangifer populations is a global phenomenon (Vors and Boyce, 2009); though
the causes vary (Johnson and Russell, 2014, Chen et al., 2013). In Fenno-scandia socio-
ecological factors have also been implicated as the main cause of population change in semi-
domesticated herds (Hausner et al., 2011). More generally it has been suggested that increasing
industrial development (Johnson and Russell, 2014), overharvesting, predation, disease and
climate change have played a role in population declines (Vors and Boyce, 2009, Festa-Bianchet

etal., 2011).



Climate can affect Rangifer in numerous ways. Indirect effects influence Rangifer

through disease transmission, insect harassment (Witter et al., 2012), and plant forage abundance

(Post and Forchhammer, 2008, Kerby and Post, 2013). Whereas direct effects, such as snow and

ice conditions, impact food availability and locomotive costs (Hansen et al., 2011). Snow is seen

by some to be the most limiting of environmental factors in the Arctic for large wildlife (Richard

etal., 2014). Animals are limited
in space use (Witt et al., 2012)
and resource availability. When
movement becomes difficult
energy use is increased, which
may impact survival rates
(Richard et al., 2014). Snow
depth impedes the movement of
animals (Richard et al., 2014,
Ratikainen et al., 2007, Witt et al.,

2012) .

Caribou are of great
importance to the traditional way

of life for indigenous people

Figure 1: Study Area. The green polygon around the
calving ground is the area of study based on the all the
collar data. The calving grounds at 50% usage from
1993-2012 for the Qamanirjuaq caribou herd (blue). NU
(Nunavut),NT (Northwest Territories), YK (Yukon), BC
(British Columbia), AB (Alberta), SK (Saskatchewan),
MB (Manitoba), ON (Ontario), QC (Quebec), NB (New
Brunswick), PEI (Prince Edward Island), NS (Nova
Scotia), NL (Newfoundland and Labrador).

throughout the arctic (Chen et al., 2013); the Inuit of Canada are no exception. The Kivallig Inuit

rely in particular on the Qamanirjuag (Rangifer tarandus groenladicus) herd (Nicolson et al.,

2013). The Qamanirjuag (QAM) herd is one of six subpopulations of barren-ground herds in the

central Canadian Arctic (Nagy et al., 2011). The herd is one of the world’s largest wild




populations of caribou and undertakes a ~600km seasonal migration between the calving
grounds in Nunavut (Figurel) and their wintering grounds in Northern Manitoba and
Saskatchewan (Campbell et al., 2010, Nagy et al., 2011). The most recent population survey in
2008 estimated the herd size to be 348,661 (SE=44,861, CVV=0.129) (Campbell et al., 2010).
However, there is concern that the population may be declining as the calf to cow ratio in spring
classification counts has been declining in recent years (Figure 2, Campbell et al., 2010). As with

other caribou herds, climate change
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Figure 2: Calf to cow ratio during the spring
(Johnson and Russell, 2014). classification counts displayed as calves per 100 cows.
The index for a stable population is 25 calves/ 100
Currently, the importance of cows (taken from Campbell et al., 2010).

climatic changes for North-American caribou herds is unclear. As a first step towards such an
evaluation, | have analysed the movement behaviour of caribou in the QAM herd in the central
Canadian Arctic in relation to data on the presence and absence of snow as well as snow depth.
Using collar data (n=69) from female caribou over a 16 year period (1993-2008) I identify where
the caribou spent each winter and how long they remained in an area. First, | examine the
relationship between the presence/absence of snow and seasonal migration movements. Second,

| examine the relationship between snow depth and the start of seasonal activity periods. Finally,
| investigate the movement behaviour during the winter, as determined by First Passage Time

(fpt) values (Fauchald and Tveraa, 2003), in relation to snow depth.



2 METHODS

2.1 STUDY AREA AND HERD
The QAM herd itself is determined by its calving ground (Figure 1) around the
Qamanirjuaqg Lake in the Kivalliq region of Nunavut, Canada. The study area is defined as the

. ) year round home range of the herd. The
Table 1: Seasonal Activity Periods (Nagy et al.,

2011) precise location of the study area shifts

Seasonal _Act|V|ty Start and End with the movement of the herd.

Period Dates

Calving 04-Jun | 20-Jun The QAM herd is migratory in
Post-Calving 21-Jun | 03-Jul
Early Summer 04-Jul | 07-Aug nature. Using collar data Nagy et al.
Mid Summer 08-Aug |22-Aug
Late Summer 23-Aug |21-Sep (2012) identified 11 seasons of activity
Fall, PreRut 22-Sep | 17-Oct
Rut 18-Oct | 03-Nov for the herd based on movement speed
Post-Rut 04-Nov |25-Nov
Early Winter 26-Nov | 25-Jan (Table 1). Nagy et al. (2012) used a
Mid/Late Winter 26-Jan | 09-Apr _
Spring, Spring method which included movement rates
Migration 10-Apr |03-Jun

(km/day), “fuzzy clustering, analysis of
variance and Turkey’s honest significant difference pair wise comparison to identify 5 day
periods with significantly different movement rates”. My study primarily uses data collected
during winter, which is Early Winter (EW) and Mid/Late Winter (MLW). Spring Migration
(SM) and Post Rut (PR) data are also included as these seasons have periods of snow cover on

the ground.

Although not all caribou within the QAM herd migrate to the same area within a year, the
majority spend the winter in south-eastern Northwest Territories, southern Nunavut, and northern
Manitoba and Saskatchewan (Nagy et al., 2012). This results in the QAM herd’s home range

occupying four jurisdictions. The satellite data revealed that most of the collared cows spend



winters below the tree line, however a few spent some winters on the tundra (Nagy et al., 2012,

Campbell et al., 2010) .

The winter collar locations of individuals covered a mean area of 36,035 km?
(min=11,603 km? and max=84,122 km?) during each winter. Nagy et al. (2011) determined that
the individual collars between 1993 and 2009 had an annual range around a mean of 208,323
km? (min=60,252 km? and max=357,389 km?). However, the QAM herd does not use the entire
home range each year (Wakelyn, 1999).

The home range of the QAM herd consists of five Ecozones (Campbell et al., 2010):
Northern Arctic Zone, Southern Arctic Ecozone, Taiga Shield Ecozone, Boreal Shield Ecozone,
and Hudson Plains Ecozone. Caribou can be found throughout this area at all times of the year
although they are concentrated during various seasons. Generally, the South Arctic Ecozone
(SAE) occupies the northern limit of the annual home range; though collar data revealed that a
few caribou have travelled slightly further north into the Northern Arctic Ecozone. SAE is
mainly covered by tundra vegetation such as low shrubs (Ledum decumbens, Betula nana,
Vaccinium spp, and Salix spp). In warm areas tall shrubs (Betula spp, Salix spp, and Alnus
crispa) grow, whereas in wet sites Salix spp, Carex spp, and moss are dominant. This area is also
occupied by continuous permafrost (Campbell et al., 2010).

The majority of the QAM herd’s southern portion of the annual range is in the Taiga
Shield Ecozone (TSE), though collar data indicated that during some winters caribou used a
small portion of the Boreal Shield Ecozone and the Hudson Plains Ecozone. TSE is an ecozone
between the tundra and boreal forest and consists of stands of Picea mariana, Picea glauca, and
Larix laricina. Lower canopy layers include Betula nana, Salix spp, and ericaceous shrubs:

Carex spp, Eriophorum spp, lichens and moss. The northern portion of the TSE has continuous



permafrost that progresses to mostly discontinuous in the southern reaches (Campbell et al.,
2010).

The QAM herd is the largest herd in Nunavut, as such a number of surveys of their
calving grounds have been conducted. The first visual survey was carried out in 1968 and
obtained an estimate of 63,000. In June 1983 a photographic survey of the calving grounds
determined an estimated population of 230,000 (SE=59,000; CV=0.258) (Campbell et al., 2010).
Subsequently all surveys were conducted this manner. The population remained relatively stable
through the next two surveys carried out in 1985 and 1988. In contrast the survey conducted in
June 1994 indicated a population increase as a result of a population estimate of 496,000 caribou
(SE=105,426; CV=0.213) (Campbell et al., 2010). The most current photographic survey was
completed in June 2008 and obtained an estimate of 348,661 (SE=44,860; CVV=0.129 (Campbell

et al., 2010).



2.2 SATELLITE COLLAR DATA

The satellite collar data was obtained from the Table 2: The number of
) active collars per year
Government of Nunavut, Canada. Satellite collars have been and the number that were

used in this study.
deployed on caribou within the QAM herd since 1993. The work y

Year | Collars | Used

began under the directive of the government of the Northwest 1993 5 4
o 1994 5 4
Territories and was transferred to the government of Nunavut 1995 8 8
1996 7 7

following the creation of the territory of Nunavut in 1999. Despite

1997 12 10

the transfer in authority over the project the collars were deployed | 1998 12 10

1999 10 8
in the same way. Animal care protocols were followed: a net gun 2000 9 9
2001 8 7
(that targeted adult caribou cows) was fired from a helicopter and 2002 8 6
2003 7 6

then the captured caribou cows were fitted with satellite collars. 5004 15 12

Table 2 shows the number of active collars for the years 1993- 2005 12 10

2006 25 22

2013. During the period from 1993 until 2004 the Model ST 2007 23 21
2008 33 33

collars that were deployed transmitted locations every 4 days. 2009 29 -
. 2010 11 -
Since 2004 the Model GPSIII and GPSIV collars have been 2011 57 -
: . . . . 2012 24 -

deployed and have transmitted locations daily. Figure 3 indicates 013 33 -

the rate of data return for the different collar models that were
deployed. Although there are discrepancies between the two recording schedules, by using First

Passage Time as my response variable, the discrepancies are minimized.



Not all the collars were active for the same

amount of time. | decided to only include data

from collars that were active for at least one

winter. The most any single animal was tracked

Average days between locations

—_—
- - =

was over a period of 5 winters (Figure 4). |

T T T
GPSIll  GPSIV  ST-14 ST-3
Model of collar

defined each winter as the dates from August 1
Figure 3: The recording schedules

through to July 31 to ensure that the winter (box plots of days between locations)
of the four types of satellite collars that

included the time between the first snowfall have been deployed between the years
1993-2012. The ST-3 and ST-14

registering snow depth in the weather data, and (1993-2004) models were programed

o _ _ ) to transmit location data every 4 days
the beginning of the snow free period registered in while the GPSIII and GPSIV models

(2004-2012) were programed to

the weather data. Some of the locations in the .
transmit every day.

collar data set were erroneous, which led to gaps

in data. When these gaps were greater than 15 days and present either as start date of a season or
around the time of first snow or snowmelt they were excluded from those analyses. Collar data
was also left out of the analysis if there were less than 15 locations within a season for an

individual.

Using the R packages stats (R Core Team, 2014) and dplyr (Wickham and Francois,
2015) | obtained the mean first snow fall and the first snow free day for each year. A plot of the
dates that each collared caribou started occupying snow covered ground for the remainder of the
winter, as well as the date that they were on snow free ground for the first time that year was

created.

The collars that were deployed were programmed to send their locations via satellite to

Telonics Inc.’s headquarters in Arizona, USA they are then emailed to the Government of



Nunavut, Department of Environment, office of the biologist Mitch Campbell. Locations of the
collars are recorded every four days or daily as previously mentioned. However, some signals
were not received or an inaccurate location was transmitted resulting in an anomaly. Therefore
further refinements had to be made to the raw data before it could be used in this project. In
looking at the distance (km) between sequential locations of an individual there were some
clearly erroneous points. These points were then looked at while plotted for confirmation. An
example of an error would be where in a three point sequence the middle point would be ~75km
away from the other two points which were only 10 km apart. The erroneous locations were

removed from the data base.

Frequency
1

0 1 2 3 4 5 6
Winters

Figure 4: Frequency of winters collars active.
Histogram of the number of winters that collars
were operational for each individual. The y-axis is
the number of collars that were active for the
number of winters (x-axis).



2.3 WEATHER DATA

Environment Canada has operated 10 weather stations that are located throughout the
study area and years. Unfortunately, their management and measurements are not uniform.
Different stations are set up to monitor different weather characteristics and the periods and
durations of operation are not consistent. Consequently, the weather data from weather stations,
for the purpose of this project, was incomplete and not useable. This is a common issue with
weather station data in the Arctic (Wilson et al., 2013). Therefore, it was necessary to use snow
data from the model described by Liston and Hiemstra (2011). These data was created using the
meteorological model (MicroMet) by Liston and Elder (2006b) and the distributed snow-
evolution modeling system (SnowModel) also by Liston and Elder (2006a). The dataset covers
the entire arctic and lays on a 10-km grid and at 3 hour time intervals (Liston and Hiemstra,
2011). Due to the size of the study area and computing capabilities a coarser grid size then was
desired and what was available from the data set was used. After trying a few different grid sizes
it was determined that a 150-km grid was optimal, the larger grid sizes averaged out to many
small scale changes whereas going beyond the 150-km grid size would be too much for the
commuting capabilities. This grid was overlaid at the study area and the average of the weather

parameter (snow depth) on a daily base was obtained for each grid cell.

10



2.4 MOVEMENT ANALYSIS

First Passage Time (fpt) values as developed by Fauchald and Tveraa (2003) were used to

identify seasonal changes in
movement and in the analysis of
the impact of snow depth on the

movement rate of animals in the

mean

QAM herd during four seasons
(PR,EW,MLW,SM). Fpt was used
as it could be used both in
determining the response variable :I - Ramu:_;m_

of how long a caribou remained in | Figure 5: Variance of the mean log(first passage
time) with standard error bars by varying radii in km.

an area as well as to be used in

determining the individual seasonal breaks.

Fpt is the time in days an animal remains within a specified radius of its position and has
previously been used to determine search effort (Fauchald and Tveraa, 2003) as well as the
intensity of use of habitat (Iversen et al., 2014). In this thesis days were used as the time
measurement as it is the level of accuracy used in the weather averages. As a radius is increased
the time spent within the radius would also increase. Normally to identify the optimal radius the
radius with a peak in the variance log(fpt) is used. However, as depicted in Figure 5 there was
not a specific peak in the variance of varying radii in the available data. After testing a range of
radii values, | determined 20km was a suitable measure. Segments of time with similar fpt values
were very short when using a radius below 20km and covered too large a part of the year when

the radius was above 20km (Figure 6).

11



First Passage Time (days)

o

0 60O 120

2007 2008

Date

Figure 6: Temporal variation in first passage time (fpt) for a single animal using
different radii for the fpt values A) 1km, B) 20km, C) 50km. One km showed too much
variation and 50km did not show enough to capture differences during the winter. Y-
axis is the number of days a caribou stays within the radius assigned. The portions with
the highest fpt value are during the winter season.

The 11 seasonal activity periods that have been identified by Nagy et al. (2012) are listed

To compute the dates, the function lavielle in R package adehabitatL T (Calenge, 2006)

in Table 1.Nagy’s dates are averages and thus it was important to determine the specific start

dates for the years in which satellite collar data had been acquired.

was used to create segments using fpt values from a radius of 20km. These segments were then
overlaid on the activity season dates that had already been documented by Nagy et al. (2012).
Once | had the segments for each individual collared caribou, I then used the segment breaks
along with the previously determined average season dates to verify each season. The seasonal
activity periods that were used in this thesis were PR, EW, MLW, SM. The season start dates

where obtained from 56, 71, 70, and 62 individual caribou cows, respectively. When comparing

12




the segments that | obtained to those that Nagy et al. (2012) obtained, | felt they were sufficiently
close that it confirmed my decision that the fpt would be sufficient for the analysis. Therefore the
individual and yearly variables were taken into account in the analysis. Box plots were made to

give a better visualization of the seasons in relation to each other as shown in the results.

The individuals showed a slight variation in season start dates both within the same year
and between years (Figure 7). The SM period showed a pattern of fpt values that was very
distinctive when compared with the wintering fpt values, so the start date of the SM period was
identified clearly. The MLW season often had higher fpt values that could be distinguished from
the EW fpt values. However, the PR values were not clearly distinguished from the Rut values.
Also the EW values were not clearly distinguished from the PR values. Consequently, unless
there was a clear change in the segmentation, the dates for those activity seasons were taken

from Nagy et al. (2012).

13
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Figure 7: Box plot of the seasonal start dates for each year. A) Post Rut, B) Early Winter,
C) Mid/ Late Winter, D) Spring Migration, E) Calving. In plot B for the year 1997 a start
date of 328 was left out of the y-axis, as well as one point from 1996 and 2001.

The seasonal start dates used in the linear model (LM) and linear mixed-effect (LME)
model analysis for the thesis were PR, EW, MLW, SM, and Calving (Figure 8). The Calving
(CLV) was not used in the LME analysis as there were not many collars that had any snow on

the ground during the season.

Running LM through the formula Im in the R package stats (R Core Team, 2014) with the

start dates of PR, EW, MLW, SM as the response variable with the predictor variable as snow

14



depth and winter (year) to find out if the amount of snow was associated to the differences in

start dates of the seasons for individual animals.

The data on snow depth was aggregated at 150
km? scale. After aggregating the log(fpt) values by
individual animals, season, and winter year using the
R package sp (Pebesma and Bivand, 2005), | then ran
a linear regression model using the R package stats
(R Core Team, 2014). Snow depth was used as the
predictor variable and the log(fpt) was the response

variable with season as a fixed effect.

Using the collar data and weather data |
looked at the first day with snow on the ground as
well as the first day that was snow free. These were

then plotted to try and understand the relationship

|

Day of year

100
!

T T T
PostBre  Ewin MLWin  SprMig

nnnnnnn

Figure 8: Averaged start date by
year for each season then put in a
box plot for the day of year. Post
Rut (postBre), Early winter
(Ewin), Mid/ Late winter
(MLWin), Spring Migration
(SprMig), Calving (Calv).

between the movement behaviors of the caribou and the first snow /snow free days. A

generalized least squares (GLS) model was run with the distance from the centroid of the 50%

calving home range when the collar was first on snow free ground as the response variable. The

day of year as a variance function of fixed weight.

Finally, I ran the linear mixed-effect model (LME) with the Ime4 package in R (Bates et

al., 2014) was used to find the impact of the predictor variable (snow depth) has on the response

variable (rate of movement using the log(fpt) value with a radius of 20 km), with collar 1D and

snow depth nested in year and season as random effects and season fitted as a categorical fixed

effect variable.
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3 RESULTS
3.1 MIGRATION AS RELATED TO PRESENCE/ABSENCE OF SNOW

| identified the mean day of year for the first snow on the ground for each year, and
plotting it against the mean first snow for the north and south half of the study area (Figure 9). It
is seen that during the fall migration the caribou remain on snow free ground longer than the
mean weather data provides (Figure 9). The first snow is usually in the north east portion of the
study area, the snow then proceeds to the south west, taking over a month for the entire area to

be under snow (Figure 10).
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Figure 9: Temporal mean first snow/snow free days. Green line gives the first day of
either snow or no snow experienced by collared caribou cows. Blue and red dotted lines
gives the average estimates of the same for the northern and southern half of the study area
respectively. The top three lines are during the fall, and the bottom three lines are during
the spring.
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Figure 10: Spatial mean first snow/snow free days. Using the mean from all the years
(1993-2008). The days of the year that snow is first on the ground (A) and the first day of the
year the ground is snow free (B).

Typically the first snow free day in the south west occurred 46 days before the full study
area was snow free (Figure 10). To investigate if the timing of the first snow free period played a

role in the spring migration, | calculated

the distance from the location of the .
[ ]
) ) 400- ‘
caribous first snow free day to the
centroid of the 50% calving home range. ‘£300 .
X o
. . ) ® ®
This distance was not related to onset of %200 s .... ® o0 o
E oo
spring in the calving area, as measured by & o ¢
[ ® o o o 3 —
100+ °.° R
H H ®
the average first snow free day in the 50 _— 3 ‘!" 03¢ °° o e
' ...0 §o o o
% calving home range (Figure 11, 01
140 150 160 170
Day of Year

estimated regression slope 1847, SE = ) ) ) )
J P Figure 11: Snow free in relation to distance to

the centroid of the 50% calving home range. The
points are the first day of snow free ground.
Orange is during Spring Migration and Blue is
Calving. The peak calving occurs on the 163 day
of the year. The black line is the regression line
and the shaded portion is the 95% confidence.

1532, P=0.23).
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3.2 SEASONAL START DATES AS RELATED TO SNOW DEPTH

In determining the effect that

Table 3: Estimated parameters of the linear
snow depth has on the seasonal start regression model of the start date of each season as
predicted by fixed effects snow depth and winter
dates linear regression model were run.

Variable Estimate Std.Err P value
There were some evidence for the Post Rut

Snow Depth 24.7 6.86 0.0006
onset of the post-rut period to be Winter -0.26 0.13 0.045
related to snow depth (Table 3). With Early Winter

Snow Depth -0.86 2.61 0.744
an increase in snow depth the start date | Winter -0.095 0.033 0.005
for PR was delayed (Figure 12). For Mid/ Late

Winter
the other seasons it did not seem to be Snow Depth 26.62 27.321 0.332

Winter 1.088 0.423 0.011
a consistent relationship with snow

Spring
depth (Table 3, Figure 12). Migration

Snow Depth 9.51 13.6 0.49

Winter 0.56 0.26 0.029
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Figure 12: The snow depth on the first day of a season by individual animals and the day
of year the season start date occurred. A) Post Rut, B) Early Winter, C) Mid/Late Winter, D)
Spring Migration. The coloration is in a gradient representing the years 1993-2007(Dark Blue
and Light Blue respectively). The thick black line is the regression line with the shaded grey
portion the 95% confidence interval as produced in ggplot2 (Wickham, 2009).
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3.3 MOVEMENT IN WINTER RELATED TO SNOW DEPTH

Snow depth had a significant positive
overall effect on ftp in the winter
seasons. This suggest that snow
hampers movement over a range of

snow depth (Table 4, Figure 13).

By comparing the 2 graphs in
Figure 14 we can see that seasons with
the most snow are the seasons with the
lowest movement rates. Conversely,
seasons with the least amount of snow
are the seasons with the highest
movement rates. Although the mean
movement and snow depth changes
from year to year there is no overall

temporal trend for either.

Table 4: Estimated parameters of the linear
mixed-effect model of

Log(fpt) as predicted fixed effects snow depth and
season and with the random intercept and slope
effects of individuals and snow depths (nested in
seasons and years). The Seasons are Post Rut, Early
Winter, Mid/ Late Winter, and Spring Migration.
The winters from 1993-2007 were included in the

model.
Variable Estimate Std.Dev T value
Fixed Effects
Intercept 1.318 0.18 7.337
Snow Depth 0.99 0.424 2.336
Early Winter 0.648 0.137 4.72
Mid/ Late Winter 1.338 0.139 9.597
Spring Migration 0.152 0.135 1.119
Random Effects Variance
Individual Animal | 0.146
Season :Winter 0.452

/Snow Depth | 6.357
Winter 0.158

/Snow Depth | 0.528
Residual 0.469

20




Cust.Season LI
PostBre L
A Ewin 1
B MLWin AN ®
SprMig

w

S5 PR
lI

log(fpt)

[he}

0.1 0.2 0.4 05

0.3
Snow Depth (m)
Figure 13: Snow depth and caribou movement. The relationship between snow depth and
the rate of caribou movements indicated by log (ftp) in different seasons with snow. Snow
depths is mean values predicted from a model based on weather data at a grid with cell sizes
of 150km? Seasons are Post Rut (PostBre), Early Winter (Ewin), Mid/ Late Winter

(MLWin), and Spring Migration (SprMig). Lines are derived from season specific regression
analyses.
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Figure 14: Yearly and seasonally means for log(first passage time) and snow depth. The
upper plot has the log(fpt) with a radius of 20km on the y-axis. The lower plot is the mean
snow depth on the y-axis. The x-axis is the winter the measurements were recorded. The
snow depth is the snow depth at the location of the collared caribou. Post Rut (PR), Early
Winter (EW), Mid/Late Winter (MLW), and Spring Migration (SM).
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4 DISCUSSION

My results show that during their fall migration the collared caribou traveled south ahead
of accumulating snow. The mean day of the year that the collared caribou were on snow covered
ground was later than the mean day of year that the southern half of the study area received first
snow on the ground. A potential reason for this behavior is that snow depth negatively impacts

movement rates, as shown in Section 3.3.

An unexpected result of my analysis of the presence/absence of snow in relation to the
spring migration was that the timing of the spring melt does not impact the location of calving.
The satellite collar data showed that in 2005 the snow melt was delayed enough to prevent the
caribou cows from reaching their traditional calving grounds (Figure 15 in Appendix). As a
result they ended up calving further south. In contrast the early spring melt of 2006 allowed the
caribou cows to make it to their calving grounds (Figure 16 in Appendix). The observational data
suggests that the collared QAM caribou seem to migrate in accordance with snow cover.
Migratory animals use the environment to guide their movements (Winkler et al., 2014). The
purpose of staying ahead of the melt is probably to time their arrival on the calving grounds to
maximize the onset of, and thus their consumption of, highly nutritious plants (Post et al., 2008).

The peak calving dates are relatively static with a mean of June 12 (SD=3.) (Nagy et al., 2012).

I hypothesized that snow depth influenced the start dates of seasonal activity periods. My
results only indicated this to be the case for the Post Rut season. With an increase in snow the
start date of PR was delayed. This result seems counter intuitive, as later in the year there is
typically more snow on the ground in the arctic. So the relationship determined by the analysis

may be coincidental.

I have determined that snow depth has an impact on the movement rates of caribou cows
in the QAM herd. Increases in snow depth resulted in the caribou cows staying in the same area
longer. Conversely, caribou cows moved out of areas with shallower snow depths in less time.
This is a general finding that happens throughout the winter as well as within each season.
Migratory caribou at an individual level can show a low fidelity to seasonal use of some areas

including the winter home range (Le Corre et al., 2014, Nagy et al., 2012), and variation in snow

23



depth between years may be a reason that there is so little overlap between years of seasonal

home range.

The significance of these results is that they have examined an area that does not have a
lot of published research. The Government of the Northwest Territories and the Government of
Nunavut over the years have continued to monitor the Qamanirjuaq herd and produce valuable
technical and status reports used in the management of this herd. Unfortunately, the potential
impact of a changing arctic climate has not been evaluated in depth. These gaps in knowledge
are of vital concern to the local communities that rely on the herd for subsistence. My project has
begun to fill in this knowledge gap by analyzing how presence/absence of snow and snow depth

impacts this herd.

The QAM herd collar data obtained for this thesis gives a representation of the activities
and ranges that are used by the cows. The data, covers a period of 16 years, however, in 1975
and 1976 observations were made that the QAM herd wintered north and northwest of Baker
Lake (Campbell et al., 2010). This is in stark contrast to the home range data results found in this
project (Figure 17 in Appendix). This suggests that the seasonal range use of the herd may have

shown changes previous to the study period covered by the available data.

My results could be understood to a greater degree if Inuit traditional ecological
knowledge (TEK) of snow and climate conditions from the area were available to be
incorporated. Riseth et al. (2011) understood that there is great potential if scientific data is
collected and analyzed alongside of TEK. There is some TEK that has been documented from
the area however, it is often difficult to obtain and not readily used in scientific reports. One
piece of Inuit TEK that | came across in my research was a statement by an Inuit elder Nutaraluk
in a paper by Ferguson et al. (2001). Nutaraluk stated that “snow cover is not usually a problem
for caribou because they adjust their distribution within a given winter range”. Although such a
shift would require that there are undisturbed areas available to move to. This option of moving
to another area is very understandable with a herd like QAM that vary their seasonal home

ranges from year to year.

A possible avenue for future research would be to use the research concept of Richard et

al. (2014). When researching mountain goats (Oreamnos americanus) they used a finer scale
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than this thesis did. The study showed that mountain goats are impacted greater by recent snow
fall then by cumulative snow depth, although cumulative snow depth plays a role in determining
the overall winter range used between years. | see the study by Richard et al. (2014) as a
potential direction for further research on the QAM herd. A major obstacle is, that the
observational weather data available for the QAM home range is of poor quality. In addition to
more accurate weather data, satellite collars with more frequent recording schedules and
accuracy would also be needed. This potential research would go beyond the impacts at a
seasonal scale and increase the understanding of the daily impacts of snow fall on movement.

As climatic conditions in the arctic change a possible future issue for the QAM herd is
rain-on-snow (ROS) events. These events are currently an area of interest to many arctic
researchers (Hansen et al., 2011). The ice barrier that is created over vegetation during an ROS
event is detrimental to caribou (Stien et al., 2010, Lee et al., 2000). It has been documented in
Svalbard that reindeer are impacted by ROS events (Stien et al., 2010). At present the
significance of these ROS events on the QAM herd are unknown. Unfortunately my interest in
this area of research was impeded. As | discovered, obtaining the necessary data to perform such
a study is not currently possible. As previously mentioned the data recorded at the weather
stations in the QAM herd’s home range is inconsistent and incomplete. Nunavut hunters
observed that there was an icing event with the home range of the QAM herd. It occurred along
the coast of Hudson Bay in the southern portion of Nunavut and was up to 2 inches thick and
extended 100km inland (Campbell, 2005). However this event was not picked up in the weather
data available for this thesis. | see this as a potential area of research, with arctic temperatures
rising the frequency of these events could greatly affect the QAM herd and those that rely on it
for subsistence.

25



6 REFERENCES

BATES, D.,, MAECHLER, M., BOLKER, B. & WALKER, S. 2014. Ime4 :Linear mixed-effect
models using Eigen and S4_. 1.1-7 ed. R package.

CALENGE, C. 2006. The package adehabitat for the R software: a tool for the analysis of space
and habitat use by animals. Ecological Modelling. 197, 516-5109.

CAMPBELL, M. W. 2005. The Monitoring of Qamanirjuaq caribou (Rangifer tarandus
groenlandicus) using Satellite Tellemetry. Status Report. Arviat, NU: Government of
Nunavut.

CAMPBELL, M. W., NISHI, J. & BOULANGER, J. 2010. A Calving ground Photo Survey of
the Qamanirjuagq Migratory Barren-Ground Caribou (Rangifer tarandus groenlandicus)
Populations - June 2008. Technical Report Series 2010. Igaluit, NU: Government of
Nunavut.

CHEN, W., RUSSELL, D. E., GUNN, A., CROFT, B., CHEN, W. R., FERNANDES, R.,
ZHAO, H., L1, J., ZHANG, Y., KOEHLER, K., OLTHOF, I., FRASER, R. H.,
LEBLANC, S. G., HENRY, G. R., WHITE, R. G. & FINSTAD, G. L. 2013. Monitoring
habitat condition changes during winter and pre-calving migration for Bathurst Caribou
in northern Canada. Biodiversity, 14, 36-44.

DYE, D. G. 2002. Variability and trends in the annual snow-cover cycle in Northern Hemisphere
land areas, 1972-2000. Hydrological Processes, 16, 3065-3077.

FAUCHALD, P. & TVERAA, T. 2003. Using first-passage time in the analysis of area-restricted
search and habitat selection. Ecology, 84, 282-288.

FERGUSON, M. A. D., GAUTHIER, L. & MESSIER, F. 2001. Range shift and winter foraging
ecology of a population of Arctic tundra caribou. Canadian Journal of Zoology-Revue
Canadienne De Zoologie, 79, 746-758.

FESTA-BIANCHET, M., RAY, J. C., BOUTIN, S., COTE, S. & GUNN, A. 2011. Conservation
of caribou (Rangifer tarandus) in Canada: an uncertain future. Canadian Journal of
Zoology-Revue Canadienne De Zoologie, 89, 419-434.

HANSEN, B. B., AANES, R., HERFINDAL, I., KOHLER, J. & SAETHER, B. E. 2011.
Climate, icing, and wild arctic reindeer: past relationships and future prospects. Ecology,
92, 1917-1923.

HAUSNER, V. H., FAUCHALD, P., TVERAA, T., PEDERSEN, E., JERNSLETTEN, J. L.,
ULVEVADET, B., IMS, R. A., YOCCOZ, N. G. & BRATHEN, K. A. 2011. The Ghost
of Development Past: the Impact of Economic Security Policies on Saami Pastoral
Ecosystems. Ecology and Society, 16, 24.

HODGKINS, R. 2014. The twenty-first-century Arctic environment: accelerating change in the
atmospheric, oceanic and terrestrial spheres. Geographical Journal, 180, 429-436.

IPCC 2013. Summary for Policymakers. In: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group | to the Fith Assessment Report of the Intergovermental
Panel on Climate Change. In: STOCKER, T. F., QIN, D., PLATTNER, G.-K., TIGNOR,
M., ALLEN, S. K., BOSCHUNG, J., NAUELS, A., XIA, Y., BEX, V. & MIDGLEY, P.
M. (eds.). Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA.

IVERSEN, M., FAUCHALD, P., LANGELAND, K., IMS,R. A.,, YOCCOZ,N. G. &
BRATHEN, K. A. 2014. Phenology and Cover of Plant Growth Forms Predict Herbivore
Habitat Selection in a High Latitude Ecosystem. Plos One, 9, 11.

26



JOHNSON, C.J. & RUSSELL, D. E. 2014. Long-term distribution responses of a migratory
caribou herd to human disturbance. Biological Conservation, 177, 52-63.

KERBY, J. & POST, E. 2013. Capital and income breeding traits differentiate trophic match-
mismatch dynamics in large herbivores. Philosophical Transactions of the Royal Society
B-Biological Sciences, 368, 7.

LE CORRE, M., DUSSAULT, C. & COTE, S. D. 2014. Detecting changes in the annual
movements of terrestrial migratory species: using the first-passage time to document the
spring migration of caribou. Movement Ecology, 2, 1-11.

LEE, S. E., PRESS, M. C,, LEE, J. A., INGOLD, T. & KURTTILA, T. 2000. Regional effects of
climate change on reindeer: a case study of the Muotkatunturi region in Finnish Lapland.
Polar Research, 19, 99-105.

LISTON, G. E. & ELDER, K. 2006a. A distributed snow-evolution modeling system
(SnowModel). Journal of Hydrometeorology, 7, 1259-1276.

LISTON, G. E. & ELDER, K. 2006b. A meteorological distribution system for high-resolution
terrestrial modeling (MicroMet). Journal of Hydrometeorology, 7, 217-234.

LISTON, G. E. & HIEMSTRA, C. A. 2011. The Changing Cryosphere: Pan-Arctic Snow Trends
(1979-2009). Journal of Climate, 24, 5691-5712.

NAGY, J. A, CAMPBELL, M. W. & KELLY, A. 2012. Herd structure, movements, calving
grounds, activity periods, home range similarity, and behaviours of migratory and tundra-
wintering barren-ground caribou on mainland Nunavut and eastern mainland Northwest
Territories. Technical Report Series 2012. Government of Nunavut.

NAGY, J. A., JOHNSON, D. L., LARTER, N. C., CAMPBELL, M. W., DEROCHER, A. E.,
KELLY, A., DUMOND, M., ALLAIRE, D. & CROFT, B. 2011. Subpopulation structure
of caribou (Rangifer tarandus L.) in arctic and subarctic Canada. Ecological Applications,
21, 2334-2348.

NICOLSON, C., BERMAN, M., WEST, C. T., KOFINAS, G. P., GRIFFITH, B., RUSSELL, D.
& DUGAN, D. 2013. Seasonal Climate Variation and Caribou Availability: Modeling
Sequential Movement Using Satellite-Relocation Data. Ecology and Society, 18, 19.

PEBESMA, E. J. & BIVAND, R. S. 2005. Classes and methods for spatial data in R.

POST, E. & FORCHHAMMER, M. C. 2008. Climate change reduces reproductive success of an
Arctic herbivore through trophic mismatch. Philosophical Transactions of the Royal
Society B-Biological Sciences, 363, 2369-2375.

POST, E., PEDERSEN, C., WILMERS, C. C. & FORCHHAMMER, M. C. 2008. Warming,
plant phenology and the spatial dimension of trophic mismatch for large herbivores.
Proceedings of the Royal Society B-Biological Sciences, 275, 2005-2013.

POST, E. & STENSETH, N. C. 1999. Climatic variability, plant phenology, and northern
ungulates. Ecology, 80, 1322-1339.

R CORE TEAM 2014. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.

RATIKAINEN, Il, PANZACCHI, M., MYSTERUD, A., ODDEN, J., LINNELL, J. &
ANDERSEN, R. 2007. Use of winter habitat by roe deer at a northern latitude where
Eurasian lynx are present. Journal of Zoology, 273, 192-199.

RICHARD, J. H., WILMSHURST, J. & COTE, S. D. 2014. The effect of snow on space use of
an alpine ungulate: recently fallen snow tells more than cumulative snow depth.
Canadian Journal of Zoology, 92, 1067-1074.

27



RISETH, J. A,, TOMMERVIK, H.,, HELANDER-RENVALL, E., LABBA, N., JOHANSSON,
C., MALNES, E., BJERKE, J. W., JONSSON, C., POHJOLA, V., SARRI, L. E.,
SCHANCHE, A. & CALLAGHAN, T. V. 2011. Sami traditional ecological knowledge
as a guide to science: snow, ice and reindeer pasture facing climate change. Polar
Record, 47, 202-217.

STIEN, A, IMS, R. A., ALBON, S. D., FUGLEI, E., IRVINE, R. J., ROPSTAD, E.,
HALVORSEN, O., LANGVATN, R,, LOE, L. E., VEIBERG, V. & YOCCOZ, N. G.
2012. Congruent responses to weather variability in high arctic herbivores. Biology
Letters, 8, 1002-1005.

STIEN, A, LOE, L. E.,, MYSTERUD, A., SEVERINSEN, T., KOHLER, J. & LANGVATN, R.
2010. Icing events trigger range displacement in a high-arctic ungulate. Ecology, 91, 915-
920.

VORS, L. S. & BOYCE, M. S. 2009. Global declines of caribou and reindeer. Global Change
Biology, 15, 2626-2633.

WAKELYN, L. 1999. The Qamanirjuaq Caribou Herd - An Arctic Enigma. Wild Caribou of
North America project: Beverly and Qamanirjuag Caribou Management Board.

WICKHAM, H. 2009. ggplot2: elegant graphics for data analysis. Springer New York.

WICKHAM, H. & FRANCOIS, R. 2015. dplyr: A Grammar of Data Manipulation. 0.4.1 ed.

WILSON, R. R., BARTSCH, A., JOLY, K., REYNOLDS, J. H.,, ORLANDO, A. & LOYA, W.
M. 2013. Frequency, timing, extent, and size of winter thaw-refreeze events in Alaska
2001-2008 detected by remotely sensed microwave backscatter data. Polar Biology, 36,
419-426.

WINKLER, D. W., JARGENSEN, C., BOTH, C., HOUSTON, A. I., MCNAMARA, J. M.,
LEVEY, D. J.,, PARTECKE, J. & FUDICKAR, A. 2014. Cues, strategies, and outcomes:
how migrating vertebrates track environmental change.

WITT, J. C.,, WEBSTER, C. R., FROESE, R. E.,, DRUMMER, T. D. & VUCETICH, J. A. 2012.
Scale-dependent drivers of ungulate patch use along a temporal and spatial gradient of
snow depth. Canadian Journal of Zoology-Revue Canadienne De Zoologie, 90, 972-983.

WITTER, L. A., JOHNSON, C. J., CROFT, B., GUNN, A. & POIRIER, L. M. 2012. Gauging
climate change effects at local scales: weather-based indices to monitor insect harassment
in caribou. Ecological Applications, 22, 1838-1851.

28



 APPENDIX
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Figure 15: Progression of a late spring melt. The advancement of snow free ground during
the spring of 2005. This is the mean snow depth from all years on each day of year (Day) in
the 150 Km? grid. Dark Green is for snow free Ground and white is for snow cover with a
mean of >0.2 meters depth. The gradient from dark to light green is between 0 and 0.2 meters
of snow depth. The Black dots are for the 2 days preceding and including the Day, red dots
are the previous 1-5 days before Day (for Day 140 black is Day 138,139, and 140; red is Day
135, 136, and 137).
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Figure 16: Progression of an early spring melt. Same as Fig 12 but for spring 2006
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Figure 17: Qamanirjuag herd seasonal home range for all years and collars
at 50% usage.
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