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Abstract

Landscape Composition and Configuration Influences Woodland Caribou Calf
Recruitment

Sara C. McCarthy
Newfoundland woodland caribou (Rangifer tarandus caribou) populations are in steep
decline and disturbance-related habitat loss and fragmentation have been blamed for
similar woodland caribou population declines across the country. Research has focused
on caribou habitat selection, and there is a need for studies to focus on landscape
components that can be managed, and their relationships with caribou vital rates. I
quantified landscape composition and configuration within the calving/post-calving range
(CPCR) of female woodland caribou belonging to six herds in Newfoundland to explore
their influence on calf recruitment over four years. I identified the CPCR of radio-
collared female caribou and calculated the total disturbance area (area of forest fires and
area within 250m of human disturbance sources), area occupied by natural landcover
types, and three fragmentation measures (effective mesh size, edge to area ratio, and
fragmentation extent) for each female’s CPCR, and averaging them yearly for each herd.
Total disturbance area and the area occupied by mixed forests were found to have
neéative effects on calf recruitment, whereas no significant direct relatiohship was found
between either of the fragmentation measures and calf recruitment. Using Information
Theoretic Approach, I found that the most parsimonious model to explain variation in
calf recruitment included total disturbance area, the area occupied by mixed forests and
wetlands, and the edge to area ratio measure of fragmentation. The effect of total

disturbance area was negative, while the effect of wetlands was positive. It appears that
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combining quantitative measures of disturbance-related landscape structure (i.e.
composition as well as configuration) to explain variation in woodland caribou calf
recruitment, or other vital rates, would improve our ability to relate scientific research

findings to wildlife management and land-use issues.
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General Introduction

Disturbance related habitat loss and fragmentation and the associated rise in predation
risk have driven woodland caribou (Rangifer tarandus caribou) declines across their
range (Rettie and Messier 2000, COSEWIC 2002, Apps and McLellan 2006). The
footprint of human disturbances extends beyond structural limits when we consider
caribou behavioural avoidance buffers (Dyer et al. 2001, Cameron et al. 2005, Courtois et
al. 2007). These avoidance buffers further reduce functional habitat availability (Rettie
and Messier 2000) and hence caribou-body condition (Vistnes et al. 2001), reproductive
success (Cameron et al. 2005), and po;;ulation persistence (Wittmer et al. 2007, Sorensen
et al. 2008). Some of these human disturbances, particularly forestry logging operations,
are preferred by other ungulate species and their predators (Laliberte and Ripple 2004,
Boisjoly et al. 2010) and therefore increase caribou predation rates (James and Stuart-
Smith 2000, Wittmer et al. 2007). Conservation efforts often conflict with economic
interests that favour industrial development and expansion. Consequently, a large
majority of Canadian woodland caribou herds have been listed as threatened or at risk by
COSEWIC (2002), yet the Newfoundland population still remains classified as not at

risk.

Over the past decade, caribou census surveys across Newfoundland have uncovered an
85% drop in calf survival and an associated 66% decrease in population estimates
(Mahoney et al. 2008). Predation by bears (Ursus americanus), coyotes (Canis latrans),
lynx (Lynx canadensis), and bald eagles (Haliaeetus leucocephalus) has accounted for
90% of calf deaths (Mahoney et al. 2008). Forestry practices are a major threat to
Newfoundland caribou and operate through clear-cut logging practices. There are few
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highways on the island. although forestry access roads branch in all directions and are
often used for recreational purposes. There are also several mining sites, many small
hydro electric genefation sites, and a large oil/gas exploration project on the south-
western shore. Small forest fires are common, although large burns have been minimal
over the past 40 years. An old railroad stretches from east to west, but is now used only
for recreational purposes (ATV trail). Agriculture is minimal and clustered close to
residential areas. These landscape disturbances contribute to habitat loss and
fragmentation, while promoting the growth of early forest stages, therefore creating
spatial overlap between caribou territory, moose (4/ces americanus) populations, and
their associated predators (Laliberte and Ripple 2004, Boisjoly et al. 2010, Mosnier et al.
2008). Not only do existing predator populations increase or undergo range shifts with
habitat disturbance, but their hunting efficiency and access to caribou also increases with
the construction of linear features, such as power lines and roads (Jalkotzy et al. 1997,

James and Stuart-Smith 2000).

Newfoundland caribou ecology research has focused on habitat selection and avoidance
in relation to habitat disturbance. Mature coniferous forests have been identified as the
most important habitat for woodland caribou persistence, as it provides prime foraging
habitat and predator refuge (Bergerud 1972, Mahoney and Virgl 2003, Schaefer and
Mahoney 2007). Open bogs and barrens have also been selected for predator avoidance,
especially during the post-calving season, whereas early seral forest stages are avoided
(Mahoney and Virgl 2003, Schaefer and Mahoney 2007). In general, human disturbances
and forest fires were found to reduce caribou densities around the source, with avoidance

zones ranging from 1 to 15 km (Chubbs et al. 1993, Mahoney and Schaefer 2002b,



Mahoney and Virgl 2003, Schaefer and Mahoney 2007. Weir et al. 2007). Sensitivity to
disturbance increased during the calving/post-calving season, especially for females with

calves (Chubbs et al. 1993, Dyer et al. 2001).

Although informative, findings from these studies are difficult to relate to current
conservation strategies. Decisions made by caribou regarding where to forage, calf, or
spend a season can be affected by the level of disturbance in the area or the amount of
quality habitat available (Gill et al. 2001). Failing to acknowledge these influences on
habitat selection can lead to erroneous conclusions regarding habitat preference.
Although these behavioural and spatial changes are assumed to translate into fitness
costs, the magnitude and extent of these costs remain unknown. Hence from a
conservation perspective, there is need for a shift from behavioural-type habitat
selection/avoidance studies, towards studies that investigate elements that we can manage
or influence, such as human disturbance, and their associations with important vital rates,
such as population growth, survival, and reproduction (Gill and Sutherland 2000,
Wittmer et al. 2007). Such studies have become feasible with increased use of user-
friendly geographical information software such as ArcGIS (ESRI Inc., Redlands,
California), as well as the availability of data from radio-collars, digital maps, and

satellite images.

An exploration of possible relationships between landscape structure and vital rates is
therefore warranted for Newfoundland woodland caribou, and would provide important
information for conservation and land-use managers. This study examines how landscape
composition (total disturbance and natural landcover type areas) and configuration

(fragmentation via disturbance) influence caribou survival for six herds over four years.
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As survival of calves during the first six months of life seems to be the limiting factor for
Newfoundland populations (Mahoney et al. 2008), we chose to use calf recruitment
measured as the number of calves per 100 adult females at the end of October as our
measure of caribou survival. Landscape structure was evaluated at the May-October

seasonal home range scale, which we termed the calving/post-calving range (CPCR).

This thesis has five objectives; the first three examine possible relationships between
landscape composition and calf recruitment and are addressed in Chapter 1, and
objectives four and five focus on the relationship between landscape configuration
(fragmentation) and calf recruitment and are covered in Chapter 2. Objective #1 was to
calculate the average total disturbance area inside CPCRs using digital maps of nine
disturbance sources and assess whether there is a relationship between this total
disturbance area and calf recruitment. Objective #2 was to calculate the average area
occupied by eleven natural landcover types inside CPCRs using Landsat images, and
determine whether the area of any of these landcover types were related to calf
recruitment. Objective #3 was to identify the most parsimonious model to explain calf
recruitment in terms of these measured composition parameters, using an information

theoretic approach (Akaike 1973, Burnham and Anderson 2002).

For the second Chapter I used three novel approaches to measuring disturbance-mediated
fragmentation that account for habitat loss; namely effective mesh size, edge to area ratio,
and fragmentation extent. Objective #4 was to determine whether calf recruitment was
related to either of these fragmentation measures. Objective #5 was to examine whether
accounting for configuration could improve the previously-generated calf recruitment

models (objective #3) by adding one of the fragmentation measures. By combining and
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quantifying the effects of total disturbance area, natural landcover types. and disturbance
mediated fragmentation on calf recruitment, we may begin to see a clearer picture of how

to generate comprehensive land-use plans, with caribou conservation taking precedence.



Chapter 1:

Landscape Disturbance Influencing Woodland Caribou

Declines in Newfoundland

Sara, C. McCarthy', Robert B. Weladji', Christine Doucet?, and Paul Saunders?

' Department of Biology, Concordia University, 7141 Sherbrooke Street W., Montreal,
QC, H4B 1R6, Canada

2 Wildlife Division, Newfoundland and Labrador Department of Environment and
Conservation, 117 Riverside Drive, P. O. Box 2007, Corner Brook, NL, A2H 7S1,

Canada



Abstract

Since the 1990’s, Newfoundland’s woodland caribou (Rangifer taranadus caribou)
population has declined by an estimated 66%. Low calf recruitment has been blamed,
possibly triggered by increasing calf predation or decreasing resources. To explore
whether these pressures may be mediated by human-induced disturbance factors we
studied the yearly (2005-2008) calving/post-calving range (CPCR) of 104 GPS collared
females from six herds with estimated calf recruitment rates. We combined nine
disturbance factors to create a total disturbance layer and mapped it onto LANDSAT
images of natural landcover to quantify each herd’s CPCR composition. We investigated
how total disturbance area as well as landcover types influenced calf recruitment, and
assessed the model that best explained variation in calf recruitment by combining these .
measures. We found calf recruitment to be negatively influenced by total disturbance and
mixed forest area within CPCRs. Based on corrected Akaike Information Criterion, the
best model combining disturbance and landcover types to explain variation in calf
recruitment included total disturbance and deciduous forest area. This study highlights
the possibility of using total disturbed area to model calf recruitment, as well as an
association between human disturbance factors and caribou population declines. These
quantitative methods, combined with future analysis of landscape fragmentation, may

assist wildlife managers in determining effective conservation strategies.



Introduction

As human population growth and consumption increase, wilderness is often traded for
industry, creating disturbance sources throughout landscapes (Leu et al. 2008). If these
disturbances occur within the home range of sensitive wildlife populations, habitat loss
and changing population dynamics may lead to population declines (Channell and
Lomolino 2000). These disturbed areas may then support more generalist predators, who
may add additional pressure to the sensitive secondary prey species through spill over

exploitation (Crete and Desrosiers 1995).

Canada loses an average 50,000 hectares of forest per year due to land development, not
including the additional areas temporarily disturbed by forest harvesting or fire (Natural
Resources Canada 2009). For woodland caribou (Rangifer tarandus caribou) who require
mature coniferous forests (Rettie and Messier 2000, Mahoney and Virgl 2003), the
amount of habitat physically lost through human activities increases when we al.so
consider functional loss via the disturbance behaviour of the caribou (Chubbs et al. 1993,

Rettie and Messier 2000, Courtois et al. 2007, Vors et al. 2007).

Much research has concentrated on woodland caribou habitat selection (e.g. Chubbs et al.
1993, Rettie and Messier 2000, Gustine and Parker 2008, Hins et al 2009), but only a few
have focused on direct relationships between habitat composition and vital rates
(Nellemann et al. 2003, Wittmer et al. 2007, Sorensen et al. 2008). These studies have
found that anthropogenic disturbance, fires, and associated early seral stage forests can be
negatively related to both survival and reproduction. A shift in research objectives

towards correlates of vital rates may be informative, considering avoidance of a particular



landscape component does not imply elimination of any associated negative influence on

vital rates.

Newfoundland caribou populations have declined by an estimated 66% since the 1990s
and monitoring has suggested an associated decline in calf recruitment (calves/100 adult
females) over the first six months of life (Mahoney et al. 2008). Industry has continued to
spread across the island during this time; forestry, hydroelectric, mining, recreation, and
transportation developments are all additive disturbance factors that have impacts
differing across space and time. Combined with natural forest fires, these habitat
alterations may hinder calf survival by fostering avoidance behaviours (Schaefer and
Mahoney 2007, Weir et al. 2007), which can create higher densities (Nellemann and
Cameron 1996), higher predation rates (James and Stuart-Smith 2000, Wittmer et al.
2005a), and reduced forage availability (Weladji and Forbes 2002, Mahoney and Virgl

2003, Gustine and Parker 2008).

Our goal was to assess the relationship between calf recruitment and landscape
compbsition, focusing on the calving/post-calving range (CPCR) for woodland caribou
herds in Newfoundland. We examined the area of total disturbance and landcover types
within CPCRs, and assessed their relationship with calf recruitment of 6 herds over 4
years. We predicted that total disturbance area would be negatively related to calf
recruitment. Among landcover types, preferred habitats such as coniferous forest,
barrens, and wetlands were expected to display a positive trend with calf recruitment
(Mahoney and Virgl 2003, Schaefer and Mahoney 2007, Hins et al. 2009). Conversely,
commonly avoided habitats such as deciduous and mixed forests were predicted to have a

negative association with calf recruitment (Mahoney and Virgl 2003, Wittmer et al. 2007,
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Hins et al. 2009). Finally. we searched for the best model that explained woodland

caribou vital rates in relation to both total disturbance area and landcover parameters.

Material and Methods

Study Area

The study was conducted in the CPCR of six caribou herds across Newfoundland’s
interior (Fig 1). The majority of the rugged landscape has been shaped by ice scour and
glacial deposits, creating lowlands with many streams, lakes, and ponds and elevations
reaching 815 m. The area is extensively covered in forests of black spruce (Picea
mariana), white spruce (Picea glauca), and balsam fir (4bies balsamea) with dense moss
(Hylocomium spp.) carpets (Daaman 1983). There were also many shrublands, wetlands,
and barrens. The climate is characterised by cool summers and winters with annual

precipitation varying between regions (<1000 mm).

Newfoundland’s woodland caribou are of the sedentary ecotype, and hence undergo
smaller seasonal migrations than barren ground caribou (Bergerud 1996). During the
calving/post-calving season, mature coniferous forests are highly preferred for food
resources and predator avoidance, especially in disturbed landscapes (Bergerud 1972,
Chubbs et al. 1993, Mahoney and Virgl 2003). Movement is minimal during this season
(Mahoney and Schaefer 2002a); resulting in relatively small ranges (Mahoney and Virgl

2003).

Caribou calf predators in this region include coyotes (Canis latrans), black bears (Ursus
americanus), lynx (Lynx canadensis), and bald eagles (Haliaeetus leucocephalus).

Wolves (Canis lupus) were once present on the island but were extirpated around 1922
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(Allen and Barbour 1937). Sixty-three years later. the canine threat returned with the
coyote’s range expansion into Newfoundland (Mahoney and Schaefer 2002a). Moose
(Alces americanus) were introduced to the island and have reached densities of four
individuals/km” (McLaren et al. 2004). Licensed caribou hunting is open from September
to December except within the Grey River management zone (Fig.1). Clear-cut forest
harvesting has been ongoing since the 1920’s in the west, and has spread across the

interior.

Data Collection

Between 2005 and 2008, 104 adult female caribou were captured from helicopters using
either Carfentanil citrate darting (3mg/ml Carfentanil at 25pg/kg reversed with SOmg/ml
Neltrexone at 2500pg/kg; Canadian Association of Zoo and Wildlife Veterinarians
2009), or net gunning, and fitted with Argos Sateliite collars (Lotek Engineering
Systems, Newmarket, Ontario, Canada). Collaring took place during winter months when
snow r'nade caribou easier to locate and capture. Health Canada approved the capture and
collaring protocol under experimental studies certificates 60021 and 60022. The collars
were scheduled to record locations every 4 days. Locations recorded between June 1%
and October 31* were chosen to represent the CPCR. To reduce error and maximize the
number of relocations, only records with error margins of class 2 (<500m) or 3 (<250m)
were used (Lotek Engineering Systems, Newmarket, Ontario, Canada). These 6557
locations (32 + 7.26 ferﬁale/herd/year + SE), belonging to an average.of 9 + 1.30 females
- per herd/year + SE, were mapped using ArcGIS 9.3 Geographic Information System

(ESRI Inc., Redlands, California).
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The annual CPCRs of collared females were then calculated as the 95% Minimum
Convex Polygon (MCP; Mohr 1947) using the Home Range extension for ArcGIS 9.3
(Rodgers et al. 2007). This estimator was used because Stuart-Smith et al. (1997) found
the minimum number of locations required for multi-year home range identification by
100% MCP to asymptote at 37A locations. This number is slightly higher than oﬁr average
32 £+ 7.26 locations, but it was established for calculating the yearly home range over
several years, rather than half the home range yearly. Additionally, Schaefer and
Mahoney (2007) studied habitat selection at different scales, one of which was individual
caribou’s yearly MCPs created with >7 locations. Caribou habitat selection was found to
be strongest at this scale. CPCR landscape component values for all females were
averaged annually by herd, possibly resulting in a bias for CPCRs belonging to females

with more re-locations (Johnson and Gillingham 2008).

A disturbance factor was considered to be any anthropogenic or natural factor affecting
the landscape that had been associated with caribou avoidance, population decline, or
increased predation. From the literature, nine disturbance factors were identified (Table
1). Yearly maps for each factor were obtained from several sources with varying
accuracies. In cases where no new information was available for a disturbance factor, the
previous year’s map was used. Disturbance factors were mapped in ArcGIS 9.3 (ESRI
Inc., Redlands, California). Human-generated disturbances were given a 250m avoidance
buffer while forest fires were left un-buffered (Sorensen et al. 2008). Caribou have been
documented to avoid roads by up to 250m (Dyer et al. 2001), and cut blocks by 1.2km
(Smith et al. 2000) and 10.2km (Chubbs et al. 1993), so a 250m avoidance buffer was

considered a conservative approach. A total disturbance layer was then created by simply

12



merging and dissolving the buffered yearly disturbances to remove any overlap between
them. The area of each female’s yearly CPCR occupied by this total disturbance layer
was extracted in ArcGIS 9.3 (ESRI Inc., Redlands, California) and averaged annually for
each herd. From preliminary analyses, the total disturbance layer covered an average of
11.0% of CPCRs, and was composed of 40.9% roads. 37.3% logged areas. 10.3% fires,
5.4% power lines, and 6.2% other (agriculture, cabins, railway, drilling holes and

quarries).

To determine the landcover types available to each caribou herd, we used raster classified
LANDSAT-7 images (25-m pixels) from 2000 (Earth Observation for Sustainable
Development of forests; ca. 80% pixel identification accuracy; Wulder et al. 2007).
EOSD data labelled 25%25-m cells as primarily composed of one of 19 landcover types,
which we reduced to 11 landcover types by combining the different density classes of the
same vegetation types. The total area of each female’s yearly CPCR occupied by the
landcover types were extracted in ArcGIS 9.3 (ESRI Inc., Redlands, California) and then
averaged annually for each herd. From preliminary analyses, CPCRs were composed of
an average of 31.3% coniferous forest, 15.4% wetlands, 13.7% barren ground, 10.8%
shrub land, 10.1% water, and 7.9% other (deciduous forest, herbs, mixed forest, snow,

rock, shadow, or no data).

We used calf recruitment rates derived from fall classification surveys to examine the
relationship between disturbance and population declines. Classifications were conducted
within areas known to be occupied by each of the six herds during October or November
of 2005 to 2008 by helicopter (Eurocopter AS350 Ecureuil or 206 Long Ranger). The

crew included the pilot and two observers. A meandering flight path was followed in
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order to cover as much open habitat as possible, with the assumption that population
structures of caribou found in these open habitats were representative of the entire
population. Caribou were identiﬁed as adult/yearling/calf based on a combination of the
relative body size; face length and antler presence/size, while adult females were
differentiated from adult males based on the presence of a vulva patch. Calf recruitment
‘was expressed as the number of calves per 100 adult females in late fall (Mahoney and
Schaefer 2002a, Mahoney and Virgl 2003, Schaefer and Mahoney 2007). No
classification data was available for the Grey River herd in 2005, the Mount Peyton herd

in 2005, or the LaPoile herd in 2006, giving a sample size of 21 herd/year combinations.

Statistical Analysis

We first used general linear models (Proc GLM in SAS 9.1; SAS Institute Inc. Cary, NC,
USA) to assess how calf recruitment, CPCR size and total disturbance area varied
between herds and years. Linear mixed models (Proc MIXED in SAS 9.1; SAS Institute
Inc. Cary, NC, USA) were used to examine the relatiohship between calf recruitment and
total disturbance area or landcover type, between total disturbance and CPCR size, as
well as between the number of radio-relocations and CPCR size. Possible herd effect was
controlled for by including herd as a categorical fixed variable in the mixed models.
Because our data were from several herds being measured within the same year, we
included “year” as a random term in our models to avoid pseudo-replication. Finally, we
searched for the best model to explain change in calf recruitment that included both total
disturbance area and some landcover parameters, using an information-theoretic approach
(Akaike 1973, Burnham and Anderson 2002, Stephens at al. 2005). This was done using

linear mixed model analyses (Proc MIXED in SAS 9.1; SAS Institute Inc. Cary, NC,

14



USA) and models included herd, total disturbance area and 1-2 of five landcover
variables chosen based on findings from habitat selection literature. We restricted
ourselves to models with five or fewer terms to avoid over-parameterization of the
models (Quinn and Keough 2002). Models were evaluated based on their Akaike’s
Information Corrected Criterion (AIC,) weight values and we report only those models
with AIC, weights > 0. For the sake of pluralism and because we were also interested in
effect size and parameter precision, we report parameter estimates and their
accompanying P values (Stephens et al. 2005) for models not distinguishable from the

best model (i.e. AAICc < 2). A P value < 0.05 was used to denote statistical significance.

Results

Average calf recruitment differed significantly between the herds (F5 5 =7.92, P <
0.001; Fig 2A), but not between years (F3 ;7 = 0.81, P =0.51). Yearly calf recruitment
ranged from 5.70 calves per 100 adult females in Pot Hill herd up to 26.58 calves per 100

adult females in the Buchans herd.

Average CPCR area differed significantly bet\;veen the herds (Fs,5s= 8.86, P <0.001; Fig
2B), but did not differ between years (F3 ;7 = 0.59, P = 0.63). Females belonging to the
Gaff Topsails and Buchans herds had CPCRs approximately 3.80 times larger than those
from the Mount Peyton, Grey River, or Pot Hill herds; while females from the LaPoile
herd had CPCRs 5.30 times larger. CPCR size was not significantly dependent upon the

number of radio relocations (F3;; =0.12, P = 0.74).

Average total disturbance area within CPCRs differed significantly between herds (F515=

6.99, P =0.002; Fig 2C) ranging from 0.6% of the total CPCR area for the LaPoile herd
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to 36.9% of the total CPCR area for the Mt. Peyton herd. Total disturbance area did not

vary between years (F3 7 = 0.06, P = 0.98).

CPCR size was significantly (F3;,=24.14, P <0.001) related to disturbance level, such
that when controlling for herd, CPCR size increased by an average 5.40 km’ (SE = 1.18)
for every additional km® of disturbed area (Fig 3A). CPCRs of collared females had an

average overlap of 32.05 + 25.35% within herds.

A sighiﬁcant negative relationship (F3;;=7.21, P = 0.02) occurred between total
disturbance area (km?) and calf recruitment (b = - 0.05, SE = 0.02; Fig 3B). Of the eleven
natural landcover types, mixed forest area (km?) was the only one that was significantly
related to calf recruitment, the relationship being negative (b =- 0.35, SE=0.14, F3 ;; =

6.08, P = 0.03).

When total disturbance area was combined with the chosen landcover variables (barrens,
coniferous forest, deciduous forest, mixed forest, and wetlands) in linear mixed models
controlling for herd, AIC, weights revealed a confidence set of 12 candidate models, i.e.
models with AICc weight > 0 (Table 2). The top model included, in addition to random
effect of herd, a negative effect of total disturbance area (b = - 0.05, SE = 0.02) and a
negative effect of deciduous forest (b =-0.13, SE = 0.26), and was only 1.11 times more
likely than the second ranked model. Plotting observed calf recruitment vs. calf
recruitment as predicted by the top model gave an R? value of 0.81 (Fig 4). The most
prominent landcover variables among the models with AAIC, < 2 were deciduous and
mixed forest, with the latter showing the expected negative, but non-significant trend

with calf recruitment (b = - 0.14, SE = 0.21). Barrens and wetlands were also within
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AAIC < 2. displaying the expected positive trend with calf recruitment (b = 0.05, SE =

0.02 and b = 0.07. SE =0.03 respectively).

Discussion

In general, caribou populations with greater than 15% young in the total population (at 6 -
10 months after calving) are expected to be in growth phase (under low hunting
pressures) (Bergerud 1992). Converting our calf recruitment data to percent young by
including adult males and yearlings in the ratio gives an average of 12% young in the
total population, with a minimum and maximum value of 5.45 and 20.81% respectfully.
This result supports speculations that woodland caribou population declines are due .to
poor calf recruitment. Although calf recruitment was low, percent disturbances for
Newfoundland herds (average 10.95%) were comparatively smaller than those found in
Northern Alberta (average 54.2% industrial and 22.1% fire disturbance within herd’s
ranges, with 2/6 herds not in decline; Sorensen et al. 2008). Fragmentation patterns may
be an additional important factor contributing to Newfoundland caribou population
declines (Dyer et‘al. 2001, Hins et al. 2009), where disturbances may be dispersed in

Central Newfoundland and more clumped in Northern Alberta.

The CPCR sizes were statistically different between herds, with the Lapoile herd, found
in the south east, covering the largest area. Acquisition of high quality habitats may be
driving this difference, since Lapoile’s CPCRs had approximately 14% less coniferous
forest than the other herd’s CPCRs. CPCR size also varied according to disturbance
levels. While accounting for inter-herd differences, every additional km? of total
disturbance within female’s CPCRs, we saw an expansion of 5.40 km’. Courtois et al.

(2007) also found caribou range size to increase from 224 to 1 198 km? as disturbance
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climbed from 0 to 40%. but size declined again at disturbance levels greater than 40%.
Disturbance levels in our study were always below 40%. Assuming similar movement
paths, larger ranges could lead to more travel time and hence higher energy expenditure
(Bradshaw et al. 1997). Increased movement has also been suggested to increase calf
predation risk for woodland caribou, as movement can decrease the effectiveness of the

‘space-out” antipredator strategy (Harrington 2001, Gustine et al. 2006).

The relationship between the total disturbance and calf recruitment shows promise as a
useful conservation management tool for Newfoundiand populations. Contrary to
Sorensen et al.’s (2008) findings that caribou populations should be in a growth phase if
year-round home ranges contain less than 61% industrial footprint or 66% burnt areas,
our populations contained a maximum of 36.85% disturbed areas during the more
sensitive calving/post-calving season, but were in decline. In Quebec, Courtois et al.
(2007) found no difference between calf recruitment in undisturbed and disturbed
landscapes (areas within S00m of recent cuts, burns, regeneration sites, lichen-less heath,
hardwood or mixed forest stands). From this study, herd calf recruitment was expected to
decrease by 1 with every additional 20km? of total disturbance within female's CPCRs.
Caution must be exercised when extrapolating such correlative study results for
management of local populations, as the mechanisms behind such relationships are not

often known or understood, and can vary between herds.

Deciduous and mixed forests were both highly selected for among the most likely AIC-
based models and had a negative relationship with recruitment. Wittmer et al. (2007)
found survival of adult female mountain caribou to decrease with increasing mid-seral

forest stands in British Columbia. Regenerating forest stands have also been found to be
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preferentially selected by coyotes in Eastern Quebec (Boisjoly et al. 2010), who are
major calf predators in Newfoundland. Barrens and wetlands’ positive trends with
recruitment can be supported by Mahoney and Virgl (2003), Schaefer and Mahoney
(2007), and Hins et al. (2009), who found these landcover types to be preferred by
woodlaﬁd caribou. In general, females tend to use a variety of habitats during summer
with an emphasis on coniferous forests (Chubbs et al. 1993). Although coniferous forest
was not am.ong the variables found in the top AIC models, it was a preferred landcover
type in Newfouﬁdland (Schaefer and Mahoney 2007), was related to adult female
survival in BC (Wittmer et al. 2007) and is important for calf predator refuge (Bergerud

1972).

Although the mechanisms through which disturbances are related to calf recruitment are
not clearly understood, there are several plausible and connected theories in the literature.
Caribou disturbance avoidance can create functional ‘habitat loss and limited forage
availability, leading to slower female growth and fat accumulation (Nellemann et al.
2000, Vistnes et al. 2001), lower pregnancy rates (Thomas 1982), lighter calf birth
weights, slower calf growth rates, and poor calf recruitment (Weladji and Forbes 2002,
Cameron et al. 2005). Disturbance avoidance can also lead to density increases
(Nellemann and Cameron 1996), which can break down the woodland caribou
antipredator tactic of dispersing or ‘spacing out’ during calving (Bergerud et al. 1990).
Disturbances tend to create pockets of early successional forests (Carleton and
MacLennan 1994, Hins et al. 2009), which are not suitable for caribou (Rettie and
Messier 2000, James et al. 2004), but are favoured by other prey species, such as moose

(Laliberte and Ripple 2004) and their predators (Boisjoly et al. 2010). These predators
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(wolves) have been found to spill over into caribou habitat to make use of this alternative
prey in Alberta, BC. and Ontario (Seip 1992, Cumming et al. 1996, James et al. 2004). In
Newfoundland, there are no wolves, but existing caribou predators are known to prey
upon moose calves (Mahoney and Virgl 2003) and could be benefitting from habitat
disturbances. Additionally, linear features such as power lines or roads can provide lower
resistance travel routes for these predator populations (Edmonds and Bloomfield 1984),

creating higher predator success rates (James and Stuart-Smith 2000).

Management Implications

Protection of calves within their CPCR appears to be the best way to encourage woodland
caribou population persistence in Newfoundland. Total disturbance afea has been
highlighted as an important measure and management tool to relate calf survival to
human industry. Disturbance sources should be limited within CPCRs, however when
this is inevitable, our landcover results may be helpful. We believe that an increase in
deciduous or mixed forest landcover during disturbance recovery may be linked to
increased predation risk for calves, therefore directly affecting calf recruitment.
Alternatively, the positive relationship of barrens and wetlands to calf recruitment shows
that these landcover types are favourable for maintaining sustainable woodland caribou
populations. We recommend conservation of coniferous forests around CPCRs and when
disturbance must be implemented that: 1) disturbance sources be clumped together to
reduce the combined footprint and 2) logged or mined areas be planted with coniferous
seedlings to accelerate regeneration to climax forest stages post industry. In coming
years, with additional data and an improved model, we may be able to identify a

disturbance threshold at which recruitment rates fall below sustainable levels. In the
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meantime, these findings should inform managers in evaluating the consequences of
further industrial development on habitat availability. predation risk. and calf recruitment

for this region.
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Table 1: Disturbance factors found to impact caribou. references. their main finding,

sources of the files used to map each factor and their estimated accuracies (m).

Disturbance  Reference Documented Effect Map Source Accuracy
Factor
Agricultural  (Apps and McLellan Negative association with caribou  Department of Natural <20
Land 2006) persistence Resources, Forestry
Division, Gov. NL.
Recreation (Dumont 1993, Reduced time feeding, Increased Department of <50
Facilities Nellemann et al. 2000, densities in non-disturbed areas, Environment and
Forbes et al. 2001, Reduced forage availability, Conservation, Crown
Nellemann et al. 2001)  Population fragmentation Lands Division, Gov. NL.
Cutovers (Chubbs et al. 1993, Used less than expected, Avoided  Department of Natural <20
Smith et al. 2000, by 1.2km, Avoided by females by  Resources, Forestry
Schaefer and Mahoney  9.2km, Used less than expected. Division, Gov. NL.
2007, Hins et al. 2009)
Exploratory (Bradshaw et al. 1997, Reduction in body mass, Department of Natural <100
Drilling Bradshaw et al. 1998) Displacement Resources, Geological
Survey of NL, Gov. NL.
Fires > (Chubbs et al. 1993, Used less than expected, Avoided, Canadian Large Fire Unknown
200ha Rettie and Messier Reduced lichen abundance, Database 2009, Canadian
2000, Dunford et al. Avoided, Negative effect on Forest Service, Northern
2006, Gustine and population growth Forestry Centre,
Parker 2008, Sorensen Edmonton, Alberta.
et al. 2008)
Power Lines (Vistnes et al. 2001, Increase densities in non-disturbed  Newfoundland and Unknown
Nellemann et al. 2003, areas, Decrease in density around Labrador Hydro
Apps and McLellan power lines, Negative association
2006) with caribou persistence )
Quarries (Weir et al. 2007) Displacement up to 4km and Quarry Management <10
reduced group size within 6km System, Dept. of Natural
Resources, Mineral Lands
Division. Gov.NL.
Railways (Nellemann et al. 2001,  Population fragmentation, Dept of Environmentand ~ GPS <2
Simpson and Terry Displacement, Negative Conservation, Parks and
2003, Apps and association with caribou Natural Areas Division. CanVex
McLellan 2006) persistence Gov. NL. <100
Roads (Schindler et al 2007, Loss of quality habitat within 1km  Geobase®, National Road <10

Nellemann and
Cameron 1996, James
and Stuart-Smith 2000,
Dyer et al. 2001,
Vistnes et al. 2001,
Nellemann et al. 2001,
Cameron et al. 2005,
Apps and McLellan
2006)

of roads, Decrease use within 4km
or roads, Elevated predation,
Decreased habitat use within 500m
of roads, Increased density in non-
disturbed area, Decreased density
close to roads, Population
fragmentation, Displacement and
population split, Negative effect on
caribou persistence

Network.

Dept Environment and
Conservation, Forestry
Division, Gov. NL.
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Table 2: AIC.. delta AIC.. and AIC, weights of models containing a combination of total
disturbance and natural landcover area variables. Abbreviations: Dist = Total
Disturbance, Barr = Barrens, Coni = Coniferous Forest, Decid = Deciduous Forest,
Mixed = Mixed Forest, and Wet = Wetlands. All other model combinations had more

terms and/or a lower AICc¢ and are therefore not included.

Model AIC. AAIC, AlIC.o
Dist + Decid 93.80 0.00 0.15
Dist + Mixed 94.00 0.20 0.14

Dist + Decid + Mixed  94.00 0.20 0.14
Dist + Mixed + Wet 94.60 0.80 0.10
Dist + Decid + Barr 94.70 0.90 0.10
Dist + Mixed + Barr 94.90 1.10 0.09

Dist + Barr 95.50 1.70 0.07
Dist + Coni 96.10 2.30 0.05
Dist + Decid + Wet 96.50 2.70 0.04
Dist + Wet 96.90 3.10 0.03

Dist + Coni + Decid 97.20 3.40 0.03
Dist + Cont + Mixed 97.50 3.70 0.02
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Figure 1: Study area in central Newfoundland, Canada. Inset shows general location of
the female calving/post calving range of six study caribou herds from 2005-2008.
Outlined region in the inset represents the Grey River Management Zone, within which

caribou hunting is prohibited.

24



}®]
=
—t—
b—t—

7
——

Al

Calf Recruitment (C/100F)
HH
.

GR MP LP BU GA PH
Herd

1600

1400 -

1200 T
1000
800
600
400 .

200 l I ' ’—I—l
0 A

GR MP LP BU GA PH

CPCR Area (km?)

160 -

120 1
100 -

p—t—t

Total Dist::zbance (km?)

: GR MP LP BU GA PH
C Herd

Figure 2: Difference between caribou herds in respect to average yearly (A) calf
recruitment (calves/100 adult females), (B) female’s CPCR size (km?) and, (C) total
disturbance area (kmz), from 2005-2008 in Newfoundland, Canada. Error bars are 1 SE
of the mean. Abbreviations for herds: GR = Grey River, MP = Mount Peyton, LP=

~ LaPoile, BU = Buchans, GA = Gaff Topsails, and PH = Pot Hill.
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Figure 4: Observed calf recruitment (calves/100 females) from 2005-2008 in
Newfoundland, Canada, versus calf recruitment (calves/100 females) as predicted by top
AIC, ranked linear mixed model (accounting for herd) with year as a random term;
recruitment = herd + total disturbance + deciduous forest. The line represents where the

points would lie if the model fit the observed calf recruitment perfectly.
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Abstract

The effects of landscape fragmentation on wildlife are considered to be less severe than
those of habitat loss. This may be a product of using fragmentation measures of little
biological relevance, as well as a lack of separation between habitat loss and
fragmentation in study design. Caribou populations seem to be especially sensitive to
landscape fragmentation because it degrades their ‘space-out’ predator avoidance strategy
and increases their predation risk. Predation has brought calf survivorship rates as low as
3% in Newfoundland, and thus, habitat selection should occur at a coarse spatial scale
based on this limiting factor. In Chapter 1 we found that disturbance area and natural
landcover type explained some of the variation in calf recruitment. As a follow up from
this finding, and given the potential role of configuration, we examined whether
accounting for fragmentation would improve our ability to explain variation in calf
recruitment, using an information theoretic approach. We created a digital map of
fragmenting factors and measured its configuration within the calving/post-calving
ranges (CPCR) of female caribou. We used three different measures of fragmentation
(effective mesh size, edge to area ratio, and fragmentation extent), and assessed their
influence on calf recruitment. We found that the fragmentation measures differed in their
quantification of CPCR configuration, and that none of these measures alone were
significantly related to calf recruitment. However, the addition of edge ro area ratio to
our previous models of calf recruitment resulted in a considerable decrease in AIC,
values and hence ameliorated models. The most parsimonious model included the effect
of edge to area ratio, total disturbance area, mixed forest area, and wetland area,

suggesting fragmentation to be important for the variation in woodland caribou calf
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recruitment. We stress the importance of exploring fragmentation irrespective of habitat
loss, of using multiple measures of fragmentation, and the cumulative nature of landscape
disturbance. CPCR fragmentation by disturbed landscapes appears to be an important

aspect to consider for caribou conservation.
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Introduction
Landscape disturbance and the associated effects of habitat loss and fragmentation on

| vﬁldlife behaviour, movement, resource selection, reproduction, émd/or survival have
been a central focus for conservation biologists ar;d landscape ecologists (Jalkotzy et al.
1997, Theobald et al. 1997, Fahrig 2003, Johnson et al. 2004, Jaeger et al. 2005, St-
Laurent et al. 2009). In general, landscape fragmentation has been considered of less
importance when compared to the substantial negative effects of habitat loss (Fahrig
2003). This may be due to the lack of a consistent deﬁﬁition for fragmentation, as well as
the lack of separation between the effects of habitat loss and fragmentation in study

design (Fahrig 2003).

Despite having modest biological significance in comparison with habitat loss, landscape
fragmentation has been negatively associated with several wildlife population traits,
including body condition, abundance, mortality, movement, predation, reproduction,
genetic diversity, and community composition (Oehler and Livaitis 1996, Chan-McLeod
et al. 1999, Zollner and Lima 1999, Calabrese and Fagan 2004, Eigenbrod et al. 2008, St-
Laurent et al. 2009). For caribou (Rangifer tarandus), the most ir;teresting and alarming
effects of landscape fragmentation are related to predation. It is widely accepted that the
proxirﬁate limiting factor for caribou populations is predation (Rettie and Messier 1998,
Wittmer et al. 2005b). Woodland caribou (R. . caribou) are particularly at risk when
fragmentation degrades their ‘space-out’ strategy to minimize predation risk (Bergerud et
al. 1990, Harrington 2001, Gustine et al. 2006). Fragmentation can also increase

predation rates when habitat types associated with fragmentation and disturbance
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proliferate, creating spatial overlap with other ungulate species and their associated

predators (Mahoney and Virgl 2003, Wittmer et al. 2005b. Apps and McLellan 2006).

To further understand the consequences of disturbance levels on woodland caribou
conservation, we must identify the relationships between landscape structure
(composition and configuration) and vital rates (Sorensen et al. 2008, Vistnes and
Nellemann 2008). Newfoundland woodland caribou populations have declined by an
estimated 66% since the 1990s, possibly due to a severe drop in average calf survivorship
(67% in the 1980s and 90s to approximately 3% from 2003-2007; Mahoney et al. 2008).
In Chapter 1 we found that landscape composition, namely total disturbance area and
deciduous/mixed forest areas were negatively related to calf recruitment rates (calves/100
adult females) in Newfoundland. However, total disturbance area was found to be
covering a smaller percentage of female’s calving/post-calving ranges (CPCRs) than
expected with such a population decline (Sorensen et al. 2008). We then suggested that
fragmentation patterns (landscape configuration) created by this disturbance area may be
an additional factor to consider and that perhaps some of the variation in calf recruitment
among these Newfoundland herds could be explained by variation in CPCR

fragmentation.

Landscape fragmentation can simply be defined as the presence of barriers to wildlife
movement (Chetkiewicz et al. 2006). More specifically, it is at least one of five processes
affecting landscape patterns: reducing habitat quantity, increasing patchiness, decreasing
patch size, increasing isolation, and increasing patch edge (Fahrig 2003). In this study,
for sake of clarity and ease of separating effects of habitat loss and fragmentation, we will

characterize landscape fragmentation as landscape configuration, which excludes habitat
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quantity from the definition. Using this basis, landscape fragmentation can be seen as the

division of the landscape irrespective of habitat loss (Fahrig 2003).

Common approaches used to quantify functional Jandscape fragmentation require the
landscape to be divided into habitat type patches (i.e. functional graph theory). This
identiﬁcaiion of habitat patches may create uncertainty and error as patches are not fixed
elements of the landscape and should be defined relative to the species and question at
hand (Turner et al. 2001). Even if an appropriate patch scale has been selected; the use of
contiguity rules to define the patches creates additional problems, since the mapping cell
size affects the outcome of patch size and shape (Girvetz and Greco 2007). Patches must
also be assigned a resistance value according to the study species’ habitat selection
preference, which requires a great depth of information regarding the species’ responses
to habitats, disturbances, elevation, slope, ruggedness, and climate. Such methods can be

informative, yet data intensive.

Simpler methods examine landscape fragmentation from a structural perspective, but still
require the identification of the habitat patches within the landscape (i.e. number of
patches, patch area, core area, patch perimeter, shape index, nearest neighbour). Although
easier to calculate, such structural measures of landscape fragmentation have been
criticized for their ambiguity and lack of biological relevance (Bender et al. 2003,
Calabrese and Fagan 2004, Kindlmann and Burel 2008). A geometric approach called the
effective mesh size (Jaeger 2000) has emerged as a possible intermediate metric that
balances the benefits of functional and structural measures. This metric corresponds to

the probability that two organisms can meet in the landscape without having to cross any
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disturbance barriers and is the only metric that characterizes fragmentation independently

of CPCR size.

Our first objective was to explore the fragmentation level of female’s CPCRs of six
Newfoundland woodland caribou herds over four years (2005-2008) and investigate how
these fragmentation levels relate to calf recruitment. We quantified landscape
fragmentation as effective mesh size, as well as by two other measures based on
disturbance perimeter (edge to area ratio), or distance of caribou to disturbance
(fragmentation extent) while controlling for area. Finally, we added the fragmentation
measures to the landscape composition models generated in Chapter 1 to in order to
assess whether accounting for landscape configuration can improve our ability to explain

variation in woodland caribou calf recruitment for Newfoundland herds.

Materials and Methods

Study Area

The six sedentary woodland caribou herds were located in central Newfoundland, on
Canada’s East coast (Fig 5). Home ranges within these herds are relatively small
compared to migratory caribou (Bergerud 1996), but there is some degree of seasonal
range overlap between herds. Herd population estimates from 2007 (Table 3) ranged
from 648 to 5400 individuals. Newfoundland caribou prefer mature coniferous forest to
meet their basic forage and predator avoidance needs (Bergerud 1972, Chubbs et al.
1993, Mahoney and Virgl 2003). Female’s CPCRs in this area were composed of an
average of 31.3% coniferous forest, 15.4% wetlands, 13.7% barren ground, 10.8% shrub
land, 10.1% water, and 7.9% other (deciduous forest, herbs, mixed forest, snow, rock,

shadow, or no data; Chapter 1 in this thesis). Balsam fir (4bies balsamea) could be found
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among spruce (Picea mariana and Picea glauca) dominated coniferous forests with moss

covered floors (Hylocomium spp.) (Daaman 1983).

The remaining 11.0% of the female CPCRs was occupied by buffered fragmentation
factors, consisting of 41.9% roads, 37.2% logged areas, 10.3% bumt areas, 5.4% power
lines, 2.7% agriculture, 1.1% railway, 0.3% drilling holes, and 0.01% quarries (Chapter
1). Pulp and paper production using clear-cut harvesting techniques has been driving the
Newfoundland forestry industry since the 1920’s, accounting for the majority of the roads

found within CPCRs.

Annual herd calf recruitment over the four years of study averaged (+ SE) 13.97 + 1.35
calves/100 females, and ranged from 5.70 in Pot Hill herd during 2006, up to 26.58 in the
Buchans herd during 2008 (Chapter 1). No classification data was available for the Grey
River herd in 2005, the Mount Peyton herd in 20035, or the LaPoile herd in 2006, giving a

sample size of 21 herd/year combinations.

Newfoundland has generally cool summers and winters with annual precipitation varying
between regions (<1000 mm). From June-October it is unlikely that this maritime climate
would have any severe effects on calf recruitment. Heat and wind however, may affect
insect disturbance levels, potentially affecting caribou energy budgets (Helle and Kojola
1994, Hagemoen and Reimers 2002, Weladji et al. 2003). Other threats to calf survival on
the island include licensed hunting of adults (~1%, September to December) and
predation by black bears (Ursus americanus), coyotes (Canis latrans), bald eagles

(Haliaeetus leucocephalus), and lynx (Lynx canadensis).
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Data Collection

Relating calf recruitment to fragmentation first required the identification of areas
occupied by females and calves of each herd during the calving/post calving season. This
was done using Argos Satellite collars (Lotek Engineering Systems. Newmarket, Ontario,
Canada) placed on 104 female caribou be]ongihg to the six herds (9 = 1.30
females/herd/year + SE). Complete details for the collaring and location data filtration
methods were reported in Chapter 1. These methods resulted in a data set of 6557
locations (32 + 7.26 female/herd/year + SE), which were mapped using ArcGIS 9.3

Geographic Information System (ESRI Inc., Redlands, California).

Yearly locations from each female were then used to calculate 95% Minimum Convex
Polygons (MCP; Mohr 1947) using the Home Range extension for ArcGIS 9.3 (Rodgers
et al. 2007), which represented the yearly CPCRs for females. Determining at which scale
to conduct a study is a crucial yet challenging issue facing landscape ecologists and
conservation biologists examining fragmentation (Johnson et al. 2002, 2004). Scale can
influence whether effects of habitat loss or fragmentation are found to be hegative,
positive, or are even detected (Vistnes and Nellemann 2008). Habitat selection has been
explored in a hierarchical framework (Johnson 1980), such that the most limiting and
hence highest pribrity factors drive selection at the coarsest scale, while those showing
less potential for limiting fitness drive selection at progressively smaller scales.
Accordingly, woodland caribou should select habitat best suited for predator avoidance at

the coarsest (seasonal range), or CPCR scale (Rettie and Messier 2000, Hins et al. 2009).
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From the literature, any landscape disturbance that had been found to affect caribou
movement was considered a fragmentation factor (see Chapter 1 for references aﬁd their
associated effects). Yearly digital maps were obtained for nine fragmentation factors
(agriculture, recreation facilities, logging, exploratory drilling. fires, power lines,
quarries, railways and roads) and projected in ArcGIS (ESRI Inc., Redlands, California).
Following the methods of Sorensen et al. (2008), a 250m buffer was created around the
fragmentation factors, excluding fires, to represent area functionally lost due to
disturbance avoidance (Sorensen et al. 2008). This buffer size was chosen as a
conservative approach, as avoidance buffers have been documented with distances as
large as 1.2 km and 10.2 km (Smith et al. 2000 and Chubbs et al. 1993 respectively). All
fragmentation factors were then merged and dissolved to create one total fragmentaﬁon
layer. CPCRs were used to extract the fragmentation layer and these extracts were
merged to their respective CPCR MCP polygons to create one polygon representing

habitat area and fragmentation layer area for each female/year.

Fragmentation values were assignedr to CPCR polygons using three different methods:
effective mesh size, edge to area ratio and fragmentation extent. Effective mesh size was
calculated using the Effective Mesh Size Landscape Fragmentation Metric for ArcGIS
(Girvetz et al. 2008). IOnly the output from the cutting out procedure (Jaegér 2000) was
recorded, as we were only interested in patterns of the fragmentation layer within CPCRs.
This method takes the sum of the squared suitable habitat areas (H), divided by the total
area of the CPCR polygon (A) (Fig 6A). Calf recruitment was expected to increase with
increasing effective mesh size. The edge to area ratio metric was calculated as the

fragmentation layers’ perimeter (P) divided by the area of the fragmentation layer (F), all
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divided by the total area of the CPCR polygon (A) (Fig 6B). Calf recruitment was
expected to decrease with increasing edge to area ratio values. The fragmentation extent
metric was calculated as the inverse of the average distance of a female’s relocation
records to the fragmentation layer within her CPCR polygon (D) divided by the area of
the fragmentation layer (F), all divided by the total area of the CPCR polygon (A) (Fig
6C). The inverse was used in order to accommodate instances where the distance to was
zero; such that lower fragmentation extent values could represent leés fragmentation. Calf

recruitment was expected to decrease with increasing fragmentation extent values.
. 1 n
Effective Mesh Size = ZZ H?
i=1

. _P/F
Edge to Area Ratio = a

A
F tation Extent = ——=
ragmentation Exten D/F

Statistical Analysis

We used general linear models (Proc GLM in SAS 9.1 (SAS Institute Inc. Cary, NC,
USA)) to assess how the three fragmentation metrics varied between herds and years.
Linear mixed models (Proc MIXED in SAS 9.1 (SAS Institute Inc. Cary, NC, USA))
were used to assess the relationship between the fragmentation metrics and calf
recruitment. We controlled for a possible herd effect by including herd as a categorical
fixed variable in the mixed models. To avoid pseudo-replication we included “year” as a
random term in our mixed models because our data was from several herds measured

within the same years. Finally, we examined whether these fragmentation measures could
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be used to ameliorate the combined total disturbance and landcover models selected in
Chapter 1. We added each of the fragmentation measures to the selected models and
looked for improvement using an information-theoretic approach (Akaike 1973, Burnham
and Anderson 2002). We considered models with the lowest Akaike’s Information
Corrected Criterion (AIC,) score to be the most parsimonious, i.e. the best model
providing an approximation for the information in the data (Burnham and Anderson
2002). Model amelioration was evaluated based on the difference in AICc between
models from Chapter 1 and the same models when including one of the fragmentation
measures, with a delta AIC, > 2 suggesting improvement. For the sake of pluralism and
because we were also interested in effect size and parameter precision, we reported
parameter estimates and their accompanying standard errors (Stephens et al. 2005) for the

most parsimonious model. A P value < 0.05 was used to indicate statistical significance.

Results

Average effective mesh size differed signiﬁcanily between the herds (F5 5= 12.02, P <
0.001; Fig 7A), but not between years (F3 17 = 0.75, P =0.54). Yearly effective mesh size
ranged from 2504 m? in the Mount Peyton herd to 133254 m” in the LaPoile herd.
Average edge to area ratio did not differ significantly between the herds (F5;5=0.72, P =
0.62; Fig 7B) or between years (F3 17 = 0.56, P = 0.65). Average fragmentation extent
differed significantly between the herds (Fs ;s = 3.11 P = 0.04; Fig 7C), but not between
years (F3,7 = 0.37, P = 0.77). Yearly fragmentation extent metric ranged from 0.13 m’ in

the Pot Hill herd to 116.37 m® in the Gaff Topsails herd.
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Linear mixed model analyses showed no significant linear relationship between any of
the fragmentation metrics and calf récruitment (Effective Mesh; F3,, =2.19, P=0.17,

Edge to area ratio; F3, = 3.98, P = 0.07, Fragmentation extent; F3, = 3.05, P=0.11).

Indeed, when the fragmentation measures were used in an effort to ameliorate
recruitment models from Chapter 1, edge to area ratio came out as the only measure
whose addition resulted in more parsimonious models (Table 4). All of tﬁe top seven
models improved with the addition of edge to area ratio by decreasing their AIC, value
by > 2, meaning the new models were more parsimonious. The new top model had an
AIC, value 11.2 poihts smaller than thé previous top model. It included, in addition to the
random effect of herd, a non-significant effect of the edge to area ratio metric (F33 =
0.46, P = 0.52), a negative effect of total disturbance area (F33 = 8.99, P = 0.02), a non-
significant effect of mixed forest (F3 g =1.72, P = 0.23), and a positive effect of wetlands
(F33=10.43, P=0.01). The R’ value between calf recruitment as predicted by the new
top model and calf recruitment as observed was 0.89 (Fig 8). The addition of effective
mesh size or fragmentation extent measures to the top models had a negligible or

negative effect on model performance as measured by AIC, (i.e. delta AIC; <2).

Discussion

Using simple linear mixed models we found no significant relationship between measures
of fragmentation and woodland cariboﬁ calf recruitment. Our ability to compare this
finding to other research is limited, as the effects of landscape fragmentation irrespective
of habitat loss on caribou vital rates have rarely been studied and have never been studied
using the same fragmentation measures. This could be because of the difficulty in

defining and measuring fragmentation without habitat loss, as well as because of the
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difficulty involved in making conclusions regarding vital rates for such a long-lived and
wide-ranging species. Using the mean patch size, patch size coefficient of variation,
largest patch index and interspersion, and juxtaposition index, Stuart-Smith et al. (1997)
found that the more fragmented lansdscape had a lower percentage of females caribou
with calves (10.0% ) compared to the less fragmented one (28.3%) in 1994, but found no
difference in 1995. Higher caribou mortality was recorded in an area with a higher
average center versus neighbours’ fragmentation index after forest harvesting (Kinley and
Apps 2001). Female roe deer were found to have higher lifetime reproductive success in
areas with lower road densities (McLoughlin et al. 2007), but this measure does not
account for area and hence findings may be confounded by habitat loss. Our results
support findings that habitat composition is relatively more important than configuration
at coarse scales (Johnson et al. 2002, Wittmer et al. 2007). At‘fmer spatial scales
however, configuration of disturbance sources and their associated habitat types may

affect predation risk of woodland caribou (Apps and McLellan 2006).

In spite of this lack of significance, one of the fragmentation measures (edge to area ratio)
was found to substantially improve the selected models for calf recruitment from Chapter
1. Inclusion of edge to area ratio in our models decreased the top AIC, value from 93.8 to
82.6, an improvement of 11.2 points; and the best-fitted model to our data included the
effect of edge to area ratio, total disturbance area, mixed forest, and wetlands. Although
relative importance of fragmentation effects have been low, their relevance in explaining
calf recruitment was expected, based on the detrimental effects of linear features to
caribou ecology documented in other studies; higher mortality (James and Stuart-Smith

2000), avoidance of suitable habitat (Dyer et al. 2001), population fragmentation
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(Cameron et al. 2005), and range shifts resulting in increased population densities
(Shindler et al. 2006, Weir et al. 2007). More specifically. edge effects, which we
measured using edge to area fatio, have been found to reduce lichen abundance (Rheault
et al. 2003), be negatively related to female survival (Wittmer et al. 2007), and selected
against for calving sites (Bergerud 1971). We can assume that by amalgamating
fragmenting structures in space and time, we will eventually be amalgamating the

negative effects to a point at which vital rates are affected (Cameron et al. 2005).

There was variation in the results delivered by the three methods of measuring CPCR

- fragmentation. We expected that highly fragmented CPCRs would have smaller effective
mesh sizes. Using this tool, the LaPoile herd was found to have the lowest fragmentation
level, while the Mount Peyton and Pot Hill herds were found to have the highest. We
expected highly fragmented CPCRs to have larger edge to area ratio measures. Using this
tool, the LaPoile herd was found to have lowest fragmentation level, while the Buchans,
Mount Peyton and Pot Hill herds were found to have the highest. We expected that highly
fragmented CPCRs would have larger fragmentation extent measures. Using this tool, the
Gaff Topsails herd had the highest level of fragmentation, and all other herds were
comparatively less fragmented. Although the effective mesh size and edge to area ratio
measures had similar trends, the fragmentation extent index gave a different outcome for
fragmentation level ranking. The fragmentation extent measure was meant to be a
functional measure of habitat fragmentation, as it reflects the adult female caribou’s
ability to avoid the fragmenting area. High fragmentation extent measures should signify
a fragmentation pattern that is so dispersed that females cannot separate themselves

spatially from the disturbance source. This variation in results between configuration
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tools is a good example of how different measures of fragmentation can give entirely
different and perhaps biologically irrelevant results. There is no known measure that can
describe all features and behaviours of landscape fragmentation (Davidson 1998). Tools
used to analyze fragmentation patterns must be chosen specifically for the species, scale.
ecosystem, and research question. It may in fact be necessary to use several measures of
fragmentation in order to get an approximate description of the processes at hand
(Hansen et al. 2001).

Our analysis of the direct relationship between fragmentation measures and calf
recruitment may have had several inherent issues, perhaps explaining the lack of
significant relationships. A close analysis of Figure S and the habitat loss data from
Chapter 1 reveals that the majority of fragmentation was due to forestry operations and
their associated roadways. This means that other than the three large clumped disturbance
areas (forest fires), the fragmentation patterns were similar across herds, varying only in
their intensity. This resulted in a relatively small range of fragmentation values that were
perhaps not extreme enough to capture significant effects. The difficulty in performing
experimental studies with such a long-lived and wide roaming species makes such issues
inevitable. Secondly, all disturbance factors (roads, lggged areas, burnt areas, power
lines, agriculture, railway, drilling holes, and quarries), were given the same weight when
considered as components of the fragmentation layer. The analysis could be improved by
adding a degree of permeability to the different fragmenting factors (Jaeger et al. 2007),
as not all of these factors would have had the same effect on the ecology of the caribou,
nor on the ecology of their predators (Dyer et al. 2001, Lindenmayer and Franklin 2002).

This would first require a comparison of the effects of each disturbance type on caribou
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ecology. Finally. because we were studying disturbance related fragmentation. water
bodies were not included as a part of the fragmentation layer, although their
configuration, depth, and width may have contributed to landscape fragmentation (Apps

and McLellan 2006).

Management Implications

This study highlights the importance of separating the effects of habitat loss and
landscape fragmentation. These processes can have different but synergistic effects on
wildlife ecology, and these confounding effects may lead to erroneous conclusions if not
accounted for separately. Although habitat loss has been shown to have a greater impact
on caribou persistence, investigation of landscape fragmentation is still warranted.
Habitat loss studies alone may report negligible losses when exploring landscapes with
thin linear features branching across home ranges, when in fact these fragmenting
structures may have large detrimental effects on caribou movement, resource use,
reproduction, and survival. Consideration should also be given to the additive effects of
the disturbance sources (natural and anthropogenic). The use of multiple measures of
fragmentation should allow managers to weigh the costs/benefits of different industrial
development or environmental rehabilitation patterns, in order to ensure the conservation
of critical caribou habitat, the connectivity of those habitats, as well as spatial separation
of caribou from disturbed landscapes and their associated predators. Using improved
models, similar to those generated in this study, as well as a sustainable recruitment rate,
maximum allowable fragmentation values could be calculated, and disturbance patterns
for which that fragmentation value is not surpassed could be sought. In general, we

recommend disturbances should be clumped as much as possible to limit fragmentation
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effects. The current pattern of forest harvesting not only constitutes habitat loss. but also
affects caribou movement and increases predator access, subsequently affecting calf
recruitment. New strategies would benefit from considering woodland caribou’s “space-

out’ calving survival tactic when implementing industrial disturbances.
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Table 3: Population estimates + 90% confidence intervals for the six study herds in 2007.

Data: Wildlife Division, Department of Environment and Conservation, NL.

Herd Estimate + CI

Buchans 4305 496
Gaff Topsails 2100 222
Grey River 1176 109.5
LaPoile 5400 537.5
Mount Peyton 648 43
Pot Hill 2950 268.5
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Table 4: AIC, values for recruitment modeis of similar parsimony (AAIC, < 2) presented

in Chapter 1. followed by the AIC, and delta AIC, values (previous AIC. — new AIC,) of

the same modes with an added fragmentation measure. Bolded numbers represent

considerable improvements to AIC, values (AAIC, > 2), while bolded model represent

the new best fit model. (Barr = Barrens, Dist = Total Disturbance, Coni = Coniferous

Forest, Decid = Deciduous Forest, Mixed = Mixed Forest, and Wet = Wetlands).

Effective Mesh Size FEdge to area Fragmentation
ratio extent

Model AIC, AIC, AAIC, AIC, AAIC, AlC. AAIC,
Dist + Decid 938 1114 -17.6 84.7 9.1 96.1 2.3
Dist + Mixed 940 1114 -17.4 84.5 9.5 97.2 -3.2
Dist + Decid + Mixed 94.0 107.7 -13.7 83.1 10.9 95.6 -1.6
Dist + Mixed + Wet  94.6  109.2 -14.6 82.6 12.0 94.5 0.1
Dist + Decid + Barr 94.7 110.7 -16.0 84.1 10.6 96.0 -1.3
Dist + Mixed + Barr 949 111.1 -16.2 84.6 10.3 97.0 -2.1
Dist + Barr 95.5 1109 -154 84.4 11.1 96.9 -14
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BU- Buchans Herd
GA - Gaff Topsails Herd
GR- Grey River Herd
LP- LaPoile Herd
0 500 1.000 km MP - Mount Peyton Herd
IS PH- Pot Hill Herd
- Grey River Management Zone
- - Fragmentation Layer

Figure 5: Study area in central Newfoundland, Canada. Inset shows all disturbance
sources considered to be components of the fragmentation layer (black) that were mapped
in 2008, as well as the general location of the female calving/post calving range of the six
study caribou herds from 2005-2008. Outlined region in the inset represents the Grey

River Management Zone, within which caribou hunting is prohibited.
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Figure 6: Illustration of how each of our three fragmentation tools measure CPCR
fragmentation. Area of the large circles (CPCRs), and total area of the components within
the large circles (fragmentation factors), do not change from left to right. (A) represents
decreasing effective mesh size, such that the changing configuration of the disturbance
components decreases the probability of animals meeting without having to croés a
disturbance zone, (A,B, and C) represent increasing edge to area ratio, such that the
changing configuration of the disturbance components increases edge habitat without
changing disturbed area, and (A, B, and C) represent increasing fragmentation extent,
such that the changing configuration of the disturbance components decreases the
potential for caribou to distance themselves away from disturbances, while remaining

within the CPCR.
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Figure 7: Difference between caribou herds in respect to average yearly (A) effective
mesh size (a measure of area available before having to cross disturbance layer), (B) edge
to area ratio (a measure of edge effects), and (C) fragmentation extent (a measure of
whether disturbance layer is clumped or dispersed) from 2005-2008 in Newfoundland,
Canada. Error bars are 1 SE of the mean. Abbreviations for herds: BU= Buchans, GA =

Gaff Topsail, GR = Grey River, MP = Mount Peyton, LP = LaPoile, and PH = Pot Hill.
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Figure 8: Observed calf recruitment (calves/100 females) from 2005-2008 in
Newfoundland, Canada, versus calf recruitment (calves/100 females) as predicted by top
AIC, ranked linear mixed model (accounting for herd) with year as a random term;
recruitment = herd + total disturbance + mixed forest + wetland + edge to area ratio. The
line represents where the points would lie if the model fit the observed calf recruitment

perfectly.
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General Discussion

This study explored the possibility of using several measures of landscape structure to
explain calf recruitment among declining populations of woodland caribou. Shifting from
behavioural- habitat selection studies to those that quantify relationships between factors
we éan manage and caribou vital rates was suggested to aide in the transition from
scientific research to management recommendations (Gill and Sutherland 2000, Gill et al.
2001, Wittmer et al. 2007). This was done by relating calf recruitment to measures of
landscape structure. There were five objectives; the first three related to landscape
composition and are covered in Chapter 1, while the last two related to landscape

configuration and are covered in Chapter 2.

I found that calf recruitment was significantly related to total disturbance area, such that
herd calf recruitment rate was expected to decrease by 1 with every additional 20km? of
total disturbance within female's CPCRs. Wittmer et al. (2007) and Sorensen et al. (2008)
also found human disturbance to negatively influence female survival and population
growth (respectively). | also found that mixed forest was the only landcover type that was
significantly related to calf recruitment, the relationship also being negative. Wittmer et
al. (2007) found similar trends with early seral forest stages and female caribou survival.
The model that included only landscape composition parameters that best explained
variation in calf recruitment included negative effects of total disturbance area and of
deciduous forest area, and had a good predictive power (relationship between predicted
and observed values: R? = 0.81). Landscape disturbance and the associated loss of
coniferous forests and increase in early seral stage forests has been suggested to limit

forage availability (Nelleman et al. 2000), increase caribou densities away from the
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disturbance source (Nellemann and Cameron 1996). increase apparent competition
(Laliberte and Ripple 2004, Boisjoly et al. 2010). and increase predator efficiency
(Edmonds and Bloomfield 1984), Which can result in decreased reproductive rates
(Weladji and Forbes 2002, Cameron et al. 2005), poorer predator avoidance abilities

(Bergerud et al. 1990), and increased predation pressure (James and Stuart-Smith 2000).

Similar to Johnson et al. (2002) and Wittmer et al. (2007), 1 found that none of the three
measures of landscape configuration in terms of disturbance-mediated fragmentation
were significantly related to calf recruitment, and were hence of less importance than
measures of overall habitat-loss. I found that the edge to area ratio fragmentation measure
substantially improved all of the previously generated top ranked models, increasing the
ability to predict calf recruitment from 0.81 to 0.89 (R? value of the top model). The
effective mesh size and fragmentation extent fragmentation measures did not improve the
previously generated models. An importance of accounting for fragmentation in
determining the effects of disturbance on calf recruitment was expected, as it has been
found to negatively affect caribou ecology in many other studies (James and Stuart-Smith

2000, Dyer et al. 2001, Cameron et al. 2005, Schindler et al. 2006, Weir et al. 2007).

Management Recommendations

This study shows that human disturbance sources and their impacts on landscape
composition and configuration are influencing the decline of Newfoundland’s woodland
caribou. Understanding direct relationships between landscape factors that can be
controlled and vital rates is of utmost importance in order to actively contribute to
wildlife conservation. Such a shift in conservation related research would improve our
ability to relate scientific research findings to wildlife management and land-use
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problems. This study suggests that woodland caribou calf recruitment may improve if the
predation pressure mediated through landscape disturbance can be reduced. This could
involve replanting clear-cut areas with coniferous seedlings to reduce regeneration time
to climax forest communities. Additionally, any new human disturbance projects should
be implemented in such a way that fragmentation is reduced. such as by logging one
larger area as opposed to many smaller areas, or by restricting new power line
development to already existing roadways. Given the long life span of woodland caribou
and the lengthy process of forest conversion, followed vby colonization by other ungulates
and eventually their associated predators, I recommend that studies like this be done on
long-term data sets so that the delayed eftects of forest disturbance can be recognized

(James et al. 2004).
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