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Abstract  

The Arctic is currently experiencing some of the most dramatic warming effects globally due to 

climate change. Barren ground caribou (Rangifer tarandus groenlandicus) herds in Canadaôs 

north are particularly susceptible to climate change as they occupy Arctic and sub-Arctic 

environments and as grazers respond directly to changing vegetation conditions. 

Examining the associations between barren ground caribou and their environment across their 

entire range presents specific and substantial challenges. Large herd ranges make in-situ habitat 

monitoring studies difficult and expensive. Additionally, the environments barren ground caribou 

inhabit are extremely remote and not spatially consistent between years. As such, new techniques 

are required that address the large scale, remote, and temporally variable nature of these animals. 

Within this PhD Dissertation, I integrate newly developed remotely sensed environmental data 

sets with multiple caribou data sets to explore how changing environmental conditions are 

affecting barren-ground caribou movement and habitat use in Canadaôs north.  

Barren ground caribouôs effects on summer range productivity were assessed to explore top 

down controls on vegetation productivity. Based on my results,  I argue that while there is some 

association between barren ground caribou density and future summer range vegetation 

productivity, it is unlikely that range degradation is a major cause of herd declines in the herds 

examined here.  

Habitat conditions (vegetation productivity, lichen mat condition, and fire disturbance) were 

documented across herd ranges to assess how barren ground caribou habitat is changing through 

time. These habitat conditions were then linked to movement metrics derived from barren ground 

caribou telemetry data to assess how changing habitat conditions are affecting caribou movement 
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patterns. I found widespread, rapid changes in barren ground caribou habitat in line with 

predicted and documented climate change effects in the Arctic, and I detected significant 

alterations in movement metrics associated with these changes in habitat. 

In all cases, remotely sensed environmental indicators were useful for describing aspects of 

barren ground caribou habitat. I was able to link habitat conditions to barren ground caribou at 

both the individual and herd levels and described novel linkages between barren ground caribou 

and their environment. 
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Lay summary  

Changing climates in Canadaôs North are resulting in rapidly changing terrestrial environments. 

Plant communities are shifting away from tundra species and being replaced by shrub and forest 

species. Additionally, forest fires patterns are changing which further influences species 

composition. These changes in plant species in turn affect the animals which graze on them, in 

particular barren ground caribou. As herbivores, any changes in vegetation directly affect barren 

ground caribouôs ability to access nutrition and use their habitats. This dissertation aimed to 

investigate how barren ground caribou habitat has changed since the mid-1980s and how these 

changes are influencing barren ground caribou habitat use. 

I detected widespread changes in vegetation, lichen, and fire across the ranges of five herds 

located primarily in the Northwest Territories and Nunavut, Canada. Generally speaking, herd 

ranges are becoming more productive and have less lichen. Forest fires tended to eliminate 

foraging in areas they affected. 
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Chapter 1 : Introduction  

1.1 Barren ground caribou  

Barren ground caribou (Rangifer tarandus groenlandicus)  are the most numerous large 

herbivore that fulfils a portion of their life history north of the treeline in Canadaôs Arctic and 

represent North Americaôs longest-range large mammal migrant (Berger, 2004; Festa-Bianchet 

et al., 2011). They are typically grouped into migratory herds which have distinct calving and 

summer ranges (Gunn and Miller, 1986; Schaefer et al., 2000); winter ranges are usually larger 

and may overlap between neighbouring herds (Schaefer et al., 2000). Barren ground caribou 

affect Arctic and sub-Arctic habitats, playing an important role in modifying these environments 

through grazing and trampling (Manseau et al., 1996; Zamin and Grogan, 2013). 

Migratory barren ground caribou herds undergo large rapid decadal fluctuations in abundance 

(Gunn, 2003). These fluctuations are often loosely synchronized across herds (Vors and Boyce, 

2009); however, this is not always the case (Joly et al., 2011). Since the 1980s all herds 

monitored by the Northwest Territories (NWT) Government have declined in abundance, in 

some cases by more than an order of magnitude (see Table 2.1 in Section 2.2.1.3.). 

As grazers, caribou diets vary by season depending on forage availability and nutritional needs 

(Jandt et al., 2008); however, terricholous lichen mats (primarily Cladonia type lichens) form a 

portion of caribou diets at all times (Bergerud, 2000) and are the majority of caribou forage in 

winter months (Joly et al., 2010). Terricholous lichens are high in digestible energy, making 

them valuable (and highly available) winter forage when energy demands are high (Jandt et al., 

2008; Joly et al., 2010). Terricholous lichens are consumed rapidly by fire owing to their low 
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moisture content and location (Jandt et al., 2008). However, when individuals, especially cows 

during spring and summer, are focused on gaining fat stores, lichens are less of a focal forage 

owing to their low protein and fat content (Cebrian et al., 2008; Joly et al., 2010). 

1.1.1 Barren ground caribou herds examined in this Dissertation  

The five herds forming the basis of my thesis are located in the Northwest Territories and 

Nunavut, Canada. These five herds are all monitored by the Government of the Northwest 

Territories who provided data access for this Dissertation. Their winter range extends south into 

the northern Boreal forest, while their summer ranges and calving grounds occur on the 

continental tundra north of the treeline. Collectively, the area these five herds utilize is 

approximately 700 000 km
2
. From west to east, these herds are known as: the Cape Bathurst, 

Bluenose West, Bluenose East, Bathurst, and Ahiak/Beverly. 

1.1.2 Barren ground caribou movement  

Migration is an adaptive behavior that allows animals to increase their access to nutritional 

resources (Baker, 1978; Fryxell et al., 1988; Holdo et al., 2009), reduce their exposure to 

predation (Fryxell et al., 1988; Seip, 1991, Heard et al., 1996), and lessen parasite loads/avoid 

parasitism (Folstad et al., 1991; Hughes et al., 2009). The development of migratory behavior in 

populations is commonly found in locations where environmental resources vary seasonally, 

resulting in spatially and temporally variable population growth rates (Fryxell et al., 1988; 

Millner-Gulland et al., 2011). 

Barren ground caribou take advantage of this aspect of migration, moving north from their 

wintering ground tracking the green up of tundra vegetation (Heard et al., 1996; Bergerud, 2000). 

In the fall, barren ground caribou migrate south towards the Boreal forest treeline where they 
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typically over winter as it provides access to nutrition in the form of ground lichens with softer 

snow cover than on the tundra (Festa-Bianchet et al., 2011). Migration, in particular the 

movement away from the Boreal forest in the spring by pregnant females, lessens the predation 

risk of barren ground caribou from wolves which occupy the Boreal forest at much higher 

densities than the tundra (Heard et al., 1996). 

1.1.3 Top-down  influences  of barren ground caribou versus bottom -up influences of 

habitat conditions  

The concept of top-down versus bottom-up controls in trophic systems refers to which trophic 

levels exert the most influence on the other trophic levels in the system (Hunter and Price, 1992; 

Power, 1992). In low productivity terrestrial Arctic ecosystems a top-down hypothesis referred to 

as the exploitation ecosystem hypothesis (Fretwell, 1977; Oksanen et al., 1981) argues that in 

absence of significant predation pressure top-down herbivory can regulate vegetation. Barren 

ground caribou grazing on vegetation has been shown to regulate vegetation productivity in both 

semi-domesticated reindeer herds in Scandinavia (Skogland, 1985; Tveraa et al., 2013) and wild 

caribou herds in Greenland (Post and Pedersen, 2008) and Quebec, Canada (Manseau et al., 

1996). The concept of top-down grazing effects of barren ground caribou on their summer range 

will be assessed in Chapter 3 (Figure 1.1). 

Conversely, bottom-up habitat conditions can affect caribou in numerous and complex ways. 

Bottom-up influences on caribou can include: forage productivity (Heard et al., 1996; Bergerud, 

2000), vegetation community composition, vegetation structure (affecting wind speed which 

affects insect harassment (Hagemoen and Reimers, 2002; Weladji et al., 2003)), disturbance 

history (Joly et al., 2010), and snow among others. Environmental influences, including forage 
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conditions and fire disturbances, on barren ground caribou will be assessed in Chapters 4, 5, and 

6 of this Dissertation (Figure 1.1). 

 

Figure 1.1 Conceptual structure of the research presented in this Dissertation. Arrow direction  indicates whether a 

Chapter is examining top-down (Chapter 3) or bottom-up (Chapters 4, 5, and 6) effects. 

1.2 The Arctic  and Boreal  environment s 

Barren ground caribou spend much or all of the year north of the latitudinal treeline in tundra 

ecosystems (Figure 1.2) (Bergerud 2000), although some populations, particularly in the 

northeast, spend the entire year or much of it on the tundra. Tundra ecosystems vary with regard 

to their dominant vegetation or organism type (i.e. lichens), with graminoid communities, 

moss/lichen dominated communities, shrub communities, and landscapes which are 

predominantly barren. All these different ecosystems do share some common traits. They are 

relatively low productivity areas in terms of biomass, with short growing seasons and long 

winter dormancy periods (McGuire et al. 2006). Rapid temperature increases in the spring result 
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in rapid green-up, allowing plants to take advantage of short growing seasons (Chapin et al. 

2000). In tundra ecosystems, disturbance rates are not well documented (Jones et al. 2013); 

however, tundra fires do occur and can result in vegetation community shifts given certain 

conditions are met (Bret-Harte et al. 2013). 

Shrub expansion (or shrubification) has rapidly transformed many areas of the low Arctic (Lantz 

et al., 2010, Myers-Smith et al., 2011). In the Tuktoyaktuk Coastlands the influx of green alder 

(Alnus viridis) and dwarf birch (Betula nana exilis) has significantly reduced the amount of 

lichen and graminoid dominated tundra within several decades (Fraser et al., 2014). Myers-Smith 

et al. (2011) detected significant shrub proliferation at the northern extent of each populationôs 

range, indicating that warming temperatures may be driving the expansion. Based upon multiple 

data sets, including remotely sensed data, large portions of tundra are becoming greener across 

the Arctic (Chapin et al., 2000; Euskirchen et al., 2006; Kimball et al., 2006; Myers-Smith et al., 

2015; Xu et al., 2013). 

The Boreal forest (Figure 1.2), used during late fall, winter, and early spring by migratory barren 

ground caribou, is a continuous biome in North America stretching from Alaska to 

Labrador/Newfoundland, as well as across Europe and Russia. It is a low productivity forest, 

forming the northern extent of continuous tree growth in the northern hemisphere. Historically, 

the Boreal forest in Canada has been dominated by spruce (black and white) and pine (lodgepole 

and jack) stands (Chapin et al. 2000); however, evidence suggests that in some regions deciduous 

and mixed wood stands are becoming more frequent due to changing permafrost conditions and 

fire regimes (Johnstone et al. 2010a, 2010b). Boreal forests can have discontinuous permafrost 

layers at varying depths (Chapin et al. 2000) and have well developed organic layers, especially 

in black spruce dominated areas (Hart and Chen 2006). Fire is the most prevalent disturbance 
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type in the Boreal forest, with large, stand replacing fires occurring frequently (Kasischke and 

Turetsky, 2006). The area burned in the Boreal forest has been shown to have increased 

substantially over the past century (Kasischke and Turetsky, 2006; Kelly et al., 2013), with larger 

fires and longer burning seasons being the likely causes. Severe fires which remove organic 

layers, melt permafrost (Chapin et al., 2010), and destroy aerial black spruce seed banks 

(Johnstone et al., 2009) are the most likely to shift the previous black spruce dominated 

ecosystem towards a deciduous dominated ecosystem (Johnstone et al., 2010a; 2010b). 

 

Figure 1.2 The generalized extent of the Boreal forest (Brandt 2009) in Canada.  
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1.3 Remote sensing for  spatially and temporally assess ing 

barren ground caribou habitat  

Assessing how migratory tundra caribou interact with their environment presents substantial 

challenges. They are highly mobile species, traveling thousands of kilometers in any one year 

(Bergerud 2000; Berger 2004); categorizing their environment thus requires data which are 

equally expansive. Additionally, caribou utilize habitat in the northern portion of Canada where 

in-situ data collection is both difficult and expensive. Fortunately, satellite remote sensing 

programs are available to address some of these challenges by monitoring vegetation at a global 

scale in a repeatable manner through time (Woodcock et al. 2008, Wulder et al. 2012). The 

selection of which remotely sensed data product should be used needs to be considered in 

context of the question being asked. If inter-annual information is required (i.e. tracking green-up 

or detailed productivity changes through a year) the coarse spatial resolution sensors (250m ï 1 

km pixels) with high temporal repeat (near daily acquisition) such as the Moderate Resolution 

Imaging Spectroradiometer (MODIS) or the Advanced Very High Resolution Radiometer 

(AVHRR) could be used. Conversely, if fine spatial resolution data is required to describe fine 

scale landscape level changes or link to highly accurate GPS telemetry data then Landsat may be 

more appropriate (30m resolution with a 16 day acquisition period). As such, the two primary 

remotely sensed data sets used in this Dissertation were MODIS and Landsat. MODIS was used 

where information on inter-annual vegetation dynamics at broad scales was needed while 

Landsat was used to link barren ground caribou movement patterns to their environment. 
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1.4 Research objectives  

1.4.1 Research question  

The overall research question addressed in this Dissertation isï how are changing environmental 

conditions affecting barren-ground caribou movement and habitat use in Canadaôs north? 

1.4.2 Sub-research questi ons 

This research question has been further divided into four sub-questions: 

Chapter 3. Is caribou density related to summer range vegetation productivity at the 

landscape scale? 

Chapter 4. How do changing Arctic and Boreal vegetation productivity conditions affect 

caribou movement rates post-calving? 

Chapter 5. How do changes in lichen mat volume affect barren ground caribou movement 

rates across different seasons? 

Chapter 6. How do fire disturbances affect barren ground caribou movement? 

1.5 Dissertation  overview  

The proceeding Chapters of this Dissertation will focus on answering these four sub-questions 

and the overall research question presented above. Chapter 2 will detail the study area and data 

used in this Dissertation. Chapters 3 through 6 will address each sub question in order, and 

Chapter 7 will summarize findings, highlight areas of novel research, and suggest directions for 

future research. 
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Chapter 2 : Study area and data sources 

2.1 Study area 

This Dissertation examines five herds occurring in the Northwest Territories and Nunavut, 

Canada. Collectively, the ranges of the five herds encompass over 700 000 km
2
 of Boreal and 

tundra habitats. The winter ranges of each herd are primarily located in Boreal forest habitat, 

with spring and fall ranges occurring near the tree line (Bergerud, 2000). Summer ranges are 

generally north of the tree line on the tundra while the calving grounds are located near the 

Arctic Ocean at the northern extent of each herd's range. From west to east, these herds are 

known as: the Cape Bathurst, Bluenose West, Bluenose East, Bathurst, and Ahiak/Beverly 

(Figure 2.1). 
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Figure 2.1 A composite, cloud free, false color Landsat image (Bands: 5, 4, 3) centered on August 1st 2011 with the herd 

range outlines of the five herds studied here. 



11 

 

2.2 Caribou  data 

2.2.1 Caribou telemetry data  

2.2.1.1 Argos telemetry data  

Satellite (Argos Doppler class 2 and 3) collar telemetry data was used in Chapter 3 to delineate 

summer ranges using caribou telemetry data from 1996 to 2013. Argos class 2 and 3 satellite 

collar data have a location error of less than 500 m and 250 m respectively 68% of the time 

(www.argos-system.org), representing less than half a pixel in maximum error when using 

remotely sensed data at 1-km spatial resolution. However, other studies, primarily focusing on 

marine mammals, have noted greater errors in accuracy, with Le Bouef et al. (2000) detecting 

errors up to 2-km for location classes 2 and 3. The numbers of collars varied among years and 

herds and were fixed on both bulls and cows. The Cape Bathurst data set, representing the 

minimum, included 26 collared animals, while the Bluenose West data set, representing the 

maximum, included 92 collared animals. 

2.2.1.2 GPS telemetry data 

GPS telemetry data was used in Chapters 4, 5, and 6 to calculate individual animal movement 

metrics. Depending on the herd, GPS collar data collection was initiated between 2006 and 2008 

and is ongoing. GPS telemetry data provides animal locations (latitude/longitude coordinates) as 

well as a time stamp for each data point. GPS error in Canadaôs north is typically less than 20 m 

(less than one 30 x 30 m Landsat pixel). Track data corresponding to an individual were used if 

they had at least one complete year of tracking and a minimum of three GPS points per day, 

resulting in a maximum time step of eight hours (some individuals were tracked at five hour time 

steps). In total, 258 animals (223 cows and 35 bulls) were tracked across all five herds (resulting 
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in 325 388 GPS data points), with a maximum of 66 individuals for the Bluenose West herd and 

a minimum of 30 individuals for the Ahiak/Beverly herd.  

2.2.1.3 Telemetry data, movement metrics, and animal behavior  

Animal behaviour has been described using proxy measures derived from animal tracking data 

(Zollner and Lima, 1999; Dodge et al., 2008; Calenge et al., 2009; Cuiti et al., 2012). When 

foraging animals such as barren-ground caribou are searching for food they tend to move in a 

slow fashion and turn at large angles between subsequent GPS relocations (Zollner and Lima, 

1999). When they are focused on movement, they tend to move in more rapid fashion and in 

more linear segments (Morales et al., 2004). It is important to note that there are numerous other 

factors affecting movement patterns for caribou (see Hebblewhite and Haydon, 2010 for a 

general summary of GPS collar limitations), including but not limited to: predator and insect 

avoidance, rutting, and landscape features such as impassable terrain and water. Consequently, 

movement does not directly imply behavior. The metrics used in this Dissertation represent 

movement (velocity and/or turning angle); while some effort has been made to relate findings to 

potential effects of habitat conditions on caribou behavior my focus has been to maintain the 

direct link between habitat and movement metrics and only offer possible ecological 

explanations regarding habitat and behavior. 

2.2.2 Caribou herd data  

2.2.2.1 Herd size estimates 

Herd size estimates were used in Chapter 3 to assess the number of barren ground caribou on 

summer ranges for a given year. The Government of the Northwest Territoriesô mean herd size 

estimates were used as true estimates of herd size by year. Between 1986 and 2013, each herdôs 
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population size has been estimated in differing years and at varying intervals (Table 2.1) (See 

Boulanger et al. (2014) for details of methods). Estimates for the Bathurst herd are based on 

calving ground photo surveys. Calving ground photo surveys involve estimating the number 

breeding females on the calving ground. Survey blocks are defined based on the density caribou 

from an initial systematic survey. Thereafter, higher density blocks are flown and photographed 

at 30-40% coverage, with lower density blocks flown visually at full coverage. A composition 

survey is used to determine the proportion of breeding females in each block. As about half the 

herd are males, yearlings, and non-pregnant cows not on the calving grounds, an estimate of 

herd-wide pregnancy rate and an estimate of sex ratio are used to account for the remainder of 

the herd. Estimates for the Cape Bathurst and Bluenose-West herds are based on post-calving 

photo surveys conducted in July when caribou may form dense groups of hundreds or thousands 

in response to insect harassment. Post-calving surveys involve identifying where these groups of 

caribou are located using radio-collars and photographing them from small fixed-wing aircrafts 

for counting. Herd size is then estimated using a Lincoln-Petersen Index, modified for radio-

telemetry data, to account for caribou not seen or photographed (see Nagy and Johnson (2006) 

for details of methods). Estimates for the Bluenose-East herd are based on post-calving surveys 

from 2000 - 2010 and on a calving photo survey in 2013; both calving and calving photo surveys 

were carried out for this herd in 2010 (Adamczewski et al. 2014). 
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Table 2.1 Abundance estimates and 95% confidence intervals from 1986 to 2013 for the five herds analyzed here 

(Government of the Northwest Territories data). Abundances lacking confidence intervals indicates that a full 

photographic census of the herds calving grounds was conducted, therefore the number of animals counted was recorded 

as the herd abundance. 

Year Cape Bathurst Bluenose-West Bluenose-East Bathurst Beverly/Ahiak 

1986 13 476 88 369±6889 
 

472 000±11 101  

1987 12 516±3504 106 887±4655 
  

 

1988     189 561±70 961 

1990 
   

351 683±16 039  

1992 19 278±5397 112 360±25 556 
  

 

1993     86 728±17 943 

1994     276 000±106 600 

1996 
   

349 046±17 519  

2000 11 089±1756 76 376±14 347 119 584±25 419 
 

 

2003 
   

186 005±8626  

2005 2434±257 20 800±2040 70 081±8120 
 

 

2006 1821±149 18 050±527 66 754±5182 128 047±5944  

2009 1934±349 17 897±1310 
 

31 895±10 932  

2010 
  

98 646±7125 
 

 

2011     124 189±13 996 

2012 2427 20 465±3490 
 

34 690±9756  

2013 
  

68 295±18 040 
 

 

2.2.2.2 The Ahiak and Beverly herds 

There is considerable debate regarding the current status of the Beverly herd, estimated at 

276,000 individuals (95% CI = 106 600) in 1994. By 2009, however, the Beverly herd had 

almost completely abandoned its traditional inland calving grounds south of Garry Lakes 

(Adamczewski et al., 2015). The current gap in knowledge regarding the fate of the Beverly herd 

relates to whether the abandonment of its calving grounds was due to a large-scale shift to the 

traditional calving grounds of the Ahiak (or Queen Maude Gulf) herd beginning in the 1990s 

(Nagy et al., 2011; Campbell et al., 2012) or a large numerical reduction in Beverly herd size 

after which the remnant herd shifted to the Ahiak calving grounds to maintain the advantage of 

gregarious calving in 2006-2009 (Adamczewski et al., 2015). Here, I use the term Ahiak/Beverly 

to refer to these herds in the Dissertation but make no assessment of whether they currently 



15 

 

represent one or two herds. The telemetry data used to assess individual movements of the 

Ahiak/Beverly herd occurs post 2006 and therefore is taken to represent both herds as one. 

2.3 Environmental  data 

2.3.1 MODIS/AVHRR fPAR data 

Remotely sensed estimates of productivity were acquired from both MODIS and AVHRR and 

used in Chapter 3 to estimate yearly vegetation productivity on herd summer ranges. One data 

source was the fPAR product available from the MODIS sensors which employs a physically 

based algorithm that describes the propagation of light throughout vegetation canopies (Tian et 

al. 2000). The fPAR algorithm uses up to 7 spectral bands to correct for sun angle, ground 

reflectance, and viewing angle differences. Snow, cloud, barren ground, and water masks were 

applied to ensure only pixels of the highest quality, and which employed only the primary fPAR 

algorithm (with or without saturation), were used in the productivity analyses. 

In the case of AVHRR, fPAR was computed following models developed by Fontana et al. 

(2012) and Coops et al. (2014) (for detailed methods as well as validation of the AVHRR data 

used here, see Fontana et al. (2012)). As part of the development of the AVHRR fPAR archive, 

AVHRR NDVI was related to MODIS fPAR data during the two sensorôs overlapping time 

periods and a linear, land cover-dependant transformation was applied (Los et al. 2000) to allow 

the MODIS and AVHRR fPAR data to be combined into a single fPAR archive (Fontana et al. 

2012; Coops et al. 2014).  Both the MODIS fPAR and AVHRR fPAR products have a spatial 

resolution of 1 km and provide fPAR estimates ranging from 0 to 100, with 100 indicating 100 % 

of light available for photosynthesis was absorbed within a given pixel. The MODIS fPAR 
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product has an eight day temporal resolution while the AVHRR fPAR product has a ten day 

temporal resolution. 

Currently, fPAR is employed less than vegetation metrics such as the normalized difference 

vegetation index (NDVI; a simple band ratio) to represent vegetation productivity; however, 

when calculating gross primary productivity of above ground vegetation biomass, it is fPAR 

rather than NDVI that is required as a model input (Monteith 1972). Changes in annual fPAR 

can be summarized using indices such as the Dynamic Habitat Index (DHI), which has been used 

successfully to describe vegetation productivity in multiple studies across Canada (Coops et al. 

2008; Coops et al. 2009) and Australia (Berry et al. 2007). The DHI estimates three components 

of landscape productivity ï the yearly sum or overall productivity, the seasonality (the change 

between the maximum and minimum productivity throughout the year), and minimum annual 

productivity (not considered here as all Arctic vegetation goes to 0 in terms of fPAR values 

owing to the short growing season).  

2.3.2 Landsat spectral  data 

Landsat spectral data developed by White et al. (2014) and Hermosilla et al. (2015a; 2015b) was 

used in Chapters 4, 5, and 6 to estimate barren ground caribou habitat conditions. White et al. 

(2014) describe a pixel-based image compositing method that identifies best-available-pixels 

(BAP) using a series of pixel scoring functions appropriate to conditions present in Canada. 

These functions score each pixel observation based upon (i) Landsat sensor, (ii) acquisition day 

of year, (iii) distance to clouds and cloud shadows, and (iv) atmospheric opacity (related to 

presence of haze, smoke). For instance, measures from Landsat-5 are prioritized over Landsat-7; 

acquisition day of year is prioritized to target August 1 (within a plus / minus 30 day possible 

acquisition window); with scoring to avoid pixels near clouds or haze.  Pixels with the highest 
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scores are selected to produce the BAP image composites for a particular year. Pixels where no 

observations meet the BAP criteria are labelled as data gaps. BAP composites generated using 

this approach are further refined using pixel-level temporal screening to identify noise and 

remove remaining sources of possible atmospheric contamination (e.g., haze or unscreened 

clouds). Using the temporal series for each pixel (1984ï2012), proxy infill values are generated 

for data gaps and noisy pixels, following the methods presented in Hermosilla et al. (2015), to 

create gap-free surface reflectance image composites (Figure 2a).  

This results in Canada-wide, annual, Landsat surface reflectance composites with no spatial or 

temporal data gaps from 1984 to 2012 (Hermosilla et al., 2016) which has been called the 

National Terrestrial Ecosystem Monitoring System (NTEMS). Random Forests (Liaw and 

Wiener, 2002) were then used to classify change events based on spectral, temporal, geometrical 

data into an agent of change: fire, harvest, road, and non-stand replacing changes (e.g., 

vegetation stress) (Hermosilla et al., 2015b). This product is built using an augmentation of 

Canadian Landsat archive data (White and Wulder, 2014) with that of the United States 

Geological Survey where analysis ready image products are available on a free and open basis 

(Wulder et al., 2012). 

2.3.3 MODIS land cover data 

Broad scale land cover data was derived from the Canada Center for Remote Sensingôs annual 

MODIS land cover product, which describes 19 land cover classes across Canada at 250 m 

spatial resolution from 2001 to 2011 (Pouliot et al., 2014). The 2011 year was used to represent 

current conditions. 
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Chapter 3 : The grazing impacts of four 

barren ground caribou herds on their 

summer ranges; an application of 

archived remotely sensed productivity 

data 

3.1 Introduction  

Barren ground caribou are the most numerous large herbivore that fulfils a portion of their life 

history north of the treeline in Canadaôs Arctic and represent North Americaôs longest-range 

large mammal migrant (Berger, 2004). They are typically grouped into herds which have distinct 

calving and summer ranges (Gunn and Miller, 1986; Schaefer et al. 2000); winter ranges are 

usually larger and may overlap between neighbouring herds (Schaefer et al., 2000). Barren 

ground caribou affect their Arctic and sub-Arctic habitats, playing an important role in 

modifying these environments through grazing and trampling (Manseau et al., 1996; Zamin and 

Grogan, 2013). 

Barren ground caribou herds undergo rapid (within a few decades) large fluctuations in herd 

abundance (Gunn, 2003). These fluctuations are commonly loosely synchronized across herds 

(Vors and Boyce, 2009); however, this is not always the case (Joly et al., 2011). Since the 1980s 

all monitored herds occurring within the Northwest Territories (NWT) have declined in 

abundance, in some cases by more than an order of magnitude (See Table 1 in Methods ï 

Caribou herd size estimates). 
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Overgrazing and trampling (hereby referred to as overgrazing) on herd summer ranges resulting 

in forage degradation has been proposed as a possible factor contributing to caribou and reindeer 

(Rangifer tarandus) herd fluctuations (Skogland, 1985; Manseau et al., 1996; Tveraa et al., 

2013). Overgrazing on herd summer ranges resulting in range degradation, in particular, was 

suggested as contributing significantly to the decline in the George River herd in 

Quebec/Labrador, Canada, when the herd size exceeded 600, 000 individuals (Manseau et al., 

1996). Additionally, overgrazing effects have been clearly demonstrated in heavily managed 

reindeer herds in Scandinavia (Skogland, 1985; Tveraa et al., 2013). This hypothesis indicates 

that as herd densities increase, a reduction in forage quantity and/or quality occurs. Overgrazing 

effects were demonstrated at the plot level using exclosure experiments on caribou and reindeer 

summer ranges (Manseau et al., 1996; Olofsson et al., 2010) where a near doubling of certain 

preferred forage speciesô biomass was observed in one exclusion study (Zamin and Grogan, 

2013). The overgrazing hypothesis has not, however, been extended from the plot to the 

landscape level for barren ground caribou, which is a critical step if it is to be supported or 

rejected as a possible cause of herd fluctuations in abundance. The recent declines of multiple 

herds of caribou in continental North America provides a unique opportunity for a natural 

experiment examining the effects of changes in herd density on productivity at the landscape 

scale (Zamin and Grogan, 2013) without relying on artificial exclosures. 

Assessing how caribou interact with their environment presents substantial challenges. They are 

highly mobile species, traveling thousands of kilometers in any one year (Berger, 2004). 

Categorizing their environment thus requires data which are equally expansive. Additionally, 

caribou utilize habitat in the northern portion of Canada and in-situ data collection in Canadaôs 

tundra is both difficult and expensive. Fortunately, satellite remote sensing programs are 



20 

 

available to address these challenges by monitoring vegetation at a global scale in a repeatable 

manner through time, in some cases starting in the 1970s or 1980s. In particular, the Moderate 

Resolution Imaging Spectroradiometer (MODIS) allows for near daily coverage of Canadaôs 

tundra ecosystems and has a suite of vegetation indices for assessing how these ecosystems are 

changing through time. Unfortunately, these indices are only available since satellite launch, 

limiting their historical archive to 2002, which does not provide a long enough sequence to 

detect changes occurring over longer time frames than the archive. Recent work has extended 

certain MODIS products back in time by correlating them with imagery acquired by older 

sensors with longer archives. Specifically, Fontana et al. (2012) developed relationships between 

reflectances observed by MODIS and the Advanced Very High Resolution Radiometer 

(AVHRR) to extend satellite observations from the present back to 1987. As a result, it is now 

possible to use remote sensing archive data to assess caribou ï vegetation productivity 

relationships over a 27 year period dating from 1987 to 2013 using these two datasets. 

An important vegetation metric calculated from the MODIS and AVHRR reflectance 

information is the fraction of photosynthetically active radiation (fPAR) absorbed by vegetation 

in a given pixel. The fPAR metric describes vegetation productivity, ranging from 0 or no light 

interception due to vegetation (barren ground) to 100, or complete light interception owing to 

vegetation (Knyazikhin et al., 1998). In terms of vegetation, fPAR values measured throughout 

the growing season can describe the amount of green leaf cover within a pixel (Coops et al., 

2008). Currently, fPAR is employed less than vegetation metrics such as the normalized 

difference vegetation index (NDVI); however, when calculating gross primary productivity of 

above ground vegetation biomass, it is fPAR rather than NDVI that is required as a model input 

(Monteith, 1972).  
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Changes in annual fPAR can be summarized using indices such as the Dynamic Habitat Index 

(DHI) which has been used successfully to describe vegetation productivity in multiple studies 

across in Canada (Coops et al., 2008; Coops et al., 2009a) and Australia (Berry et al., 2007). 

While originally applied as an index to describe plant communities (Coops et al., 2009a; Fitterer 

et al., 2012) and animal diversity (Coops et al., 2009b; Andrew et al., 2012; Fitterer et al., 2013; 

Rickbeil et al., 2014b), DHI is also a useful predictor of individual coastal bird species 

distributions (Rickbeil et al., 2014a) and for describing forage conditions for moose (Alces alces) 

in Ontario, Canada (Michaud et al., 2014). The DHI estimates three components of landscape 

productivity ï the yearly sum or overall productivity, the seasonality (the change between the 

maximum and minimum productivity throughout the year), and minimum annual productivity 

(not considered here as all Arctic vegetation goes to 0 in terms of fPAR values owing to the short 

growing season). The yearly overall productivity metric relates to the amount of 

photosynthetically active plant biomass in a given pixel (Coops et al., 2008; Coops et al., 2014). 

The seasonality metric offers a means to evaluate changes in variability in vegetation 

productivity, which is especially important in Arctic environments where plant green up and 

senescence occurs quite rapidly. 

The decline of multiple caribou herds within the NWT as well as the development of long term 

productivity data presents an opportunity to examine how caribou herd densities and vegetation 

productivity interact. Specifically, I asked the following question ï is caribou density related to 

summer range vegetation productivity at the landscape scale? I hypothesize that: (1) caribou 

density will be negatively related to overall vegetation productivity, and (2) caribou density will 

be negatively related to vegetation seasonality; both effects being attributed to a reduction in 

annual vegetation productivity due to grazing pressure. Lastly, (3) I expect that more intensely 
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grazed areas on each herdôs summer range will have a greater increase through time in overall 

productivity and seasonality owing to the larger release of grazing pressure on these areas due to 

the recent declines in herd densities. 

3.2 Methods  

3.2.1 Study area 

The four herds examined in this study are the Cape Bathurst, Bluenose-West, Bluenose-East and 

Bathurst herds. For detailed location maps and herd range maps see Figure 2.1. Figure 3.3 shows 

an estimated spatial distribution of each of these herds on their summer range. The 

Ahiak/Beverly herd was excluded owing to the lack of Argos telemetry data in the late 1990s and 

early 2000s. 

3.2.2 Environmental data  

3.2.2.1 Productivity data  

For details of MODIS and AVHRR fPAR data see Section 2.2.2.1. Two of the three DHI metrics 

were calculated for this study: overall productivity, and seasonality (Figure 3.1). In all cases, a 

temporal curve was developed for each pixel to represent the entire growing season by plotting 

fPAR values by day of year (in steps of eight days for MODIS and ten days for AVHRR) from 

March 1st to November 31st. Dates that were missing owing to masking were interpolated 

linearly from neighbouring dates. Once each curve was built, values were extracted at eight day 

increments to ensure that each pixel used an identical amount of values to calculate each metric. 
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Figure 3.1 Maps of overall productivity (sum of 8 day interval fPAR values) and seasonality of productivity (coefficient of 

variation of 8 day interval fPAR values) for 2003 across the combined summer ranges of all four herds studied here. 

Additi onally, the residual maps of productivity and seasonality related to growing season length are shown for the same 

year (for details on the productivity ï growing season length models, see the Vegetation productivity and growing season 

length section in Results). Water and barren ground pixels have been masked in all cases. 

Overall productivity was calculated as the sum of all values throughout the growing season 

(defined as when fPAR values exceeded 10% of the maximum value of the curve to when fPAR 

values returned below 10%) by pixel, while seasonality was calculated as the coefficient of 

variation of all values by pixel (Figure 3.2; for more detailed descriptions of DHI metrics see 

Coops et al. (2008)). 






































































































































































