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Executive Summary

Habitat restoration is expected to play a key role in the recovery of boreal woodland caribou (Rangifer tarandus
caribou) in Canada. Population declines are correlated with the proportion of ranges affected by anthropogenic
and natural disturbances and reversing these impacts is expected to benefit caribou populations. However, there
are various mechanisms that lead from habitat stressors to caribou declines, and the effects of these
mechanisms differ among ranges. Understanding the ecological pathways driving observed relationships can
inform restoration planning by: 1) directing treatments towards the most critical, range-specific mechanisms;

2) identifying possible confounding factors that need to be addressed; and, 3) supporting adaptive management
by generating testable hypotheses and clarifying monitoring needs.

Here we present a conceptual Boreal Caribou Conceptual Ecological Model developed by the Habitat
Restoration Working Group of the National Boreal Caribou Knowledge Consortium. The model is composed of
14 factors and associated relationships that generate pathways leading from a variety of landscape disturbance
stressors. The model does not capture all possible factors in the system, but only those that are likely exerting
significant effects. Nor does it address specific restoration treatment options but it can inform the design of
treatments by identifying the functional effects that treatments should be addressing.

Caribou survival and recruitment are affected directly by predation, nutrition, disease and hunting. All of these
link back to one or more habitat stressors that drive the national disturbance model (i.e., fire, insect pests, forest
alteration/clearing and linear development). The pathways are interacting and are also affected by external
factors (e.g., climate change). The habitat stressors alter forage available to caribou and to other primary prey,
the distribution and abundance of primary prey, associated predators and of humans, and ultimately cause
population declines via lower caribou survival and reproductive success.

A key next step for the conceptual model is the development of appropriate response metrics to monitor. This
would provide the means to compare the relative effects of different drivers among ranges and would highlight
key knowledge gaps. The model would then provide a complete framework for adaptive management as habitat
restoration is implemented.
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The Amended Recovery Strategy for the Woodland Caribou (Rangifer tarandus caribou), Boreal
Population, in Canada (Environment and Climate Change Canada, 2020) identifies habitat restoration as
a key requirement. While considered critical in highly disturbed ranges, there is currently limited
information available to guide the planning, treatment selection and monitoring of restoration activities to
maximize the effectiveness of treatments. The recovery strategy provides a clear definition of “disturbed”
habitat, but conditions that may be accelerated through habitat treatments to create ecologically
functional “undisturbed” habitat are less clear.

Caribou population growth is correlated with both natural and anthropogenic disturbance (Johnson et al.,
2020). However, the mechanisms that lead from various habitat stressors, to habitat disturbance, to
changes in prey and predator dynamics, and finally to caribou populations are less well-defined and
variable among caribou ranges. Understanding the ecological pathways driving the relationship between
habitat disturbance and caribou decline can inform restoration programs by identifying range-specific
pathways to decline and how they may interact or be confounded by other factors. With this information,
restoration programs can be designed to maximize the likelihood of a positive population response by
caribou.

Here we present a conceptual Boreal Caribou Ecological Model developed by the Habitat Restoration
Working Group of the National Boreal Caribou Knowledge Consortium (hereafter HRWG). The HRWG is
a composition of representatives from government, industry, Indigenous communities and organizations,
ENGOs, and consultants with a working knowledge of habitat restoration. The intent of the conceptual
model is to depict key ecosystem processes, pathways and interactions among factors - directly outlining
the mechanistic pathways in which habitat disturbance precipitates through the boreal forest to impact
caribou populations. The conceptual model is informed by the well-established national relationship
between percent (%) area disturbed and caribou recruitment at the population range scale. The Boreal
Caribou Ecological Model (the model) illustrates how the national disturbance-recruitment relationship is
mediated through several interacting pathways that are causing caribou population decline, which vary in
strength regionally. It attempts to integrate evidence currently available in the scientific and management
literature, along with the working knowledge of HRWG members from across Canada, into
comprehensive working hypotheses that can guide the development and implementation of habitat
restoration treatments and experiments, inform monitoring programs, and identify knowledge gaps.

The goals of the Boreal Caribou Ecological Model are to:

1. Develop a common, shared language to facilitate communication among diverse groups
regarding boreal caribou recovery across Canada;

2. Form a foundation for synthesizing what is currently known about the boreal caribou system
and the role of habitat restoration within it; and,

3. Develop testable hypotheses regarding habitat restoration [and other management] actions.
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Additionally, future development could:
1. Provide a means for defining appropriate response metrics to monitor;

2. Provide a means by which to compare the relative effects of system drivers on boreal caribou
survival and recruitment at the range scale;

3. Allow for knowledge gaps to be clearly identified and addressed; and,

4. Support an adaptive management approach.

The model does not address specific restoration treatment options but it can inform the design of
treatments by identifying the functional effects that treatments should be addressing and, additionally, by
providing the theoretical basis for effectiveness monitoring.

3 APPROACH

The model was developed iteratively via meetings of the HRWG held between March 2019 and June
2020. Formally, the model is a directed acyclic graph, where boxes represent factors important to the
caribou system. Direct causal relationships are represented by a single arrow between factors while
indirect causes involve chains of more than one arrow and factors. Arrows can represent either positive
(solid) or negative (dashed) relationships. Because the arrows represent causal relationships and a
temporal ordering, loops are not allowed (otherwise the future could cause the past; hence, an “acyclic”
graph). Management actions are not included in the graph, only the factors that could change as a result
of management actions, including habitat restoration.

This document was developed to provide technical guidance based on the current state of scientific
knowledge. It does not explicitly incorporate Traditional Ecological Knowledge, which will play a critical
role in successful habitat restoration and species recovery.

4 MODEL STRUCTURE

The model is composed of 14 factors and associated relationships that generate pathways leading from a
variety of landscape disturbance stressors. These affect the distribution and abundance of components of
suitable caribou habitat, the distribution and abundance of primary predators and prey, and ultimately
caribou survival and recruitment (Figure 1). Climate change is included as a stressor that can alter rates
of landscape disturbance, affect important components of caribou and primary prey habitat, and can also
affect the predator-prey system directly.
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Figure 1: Boreal Caribou Ecological Model developed by the Habitat Restoration Working Group. Solid
arrows represent positive effects and dashed arrows indicate negative effects.

The model is not intended to capture all possible factors in the system, but only those that are likely
exerting significant effects. Like the original national disturbance model, it is intended to be applied
aspatially at the scale of caribou ranges. The relative strength of each of these pathways likely varies
across time and space, and as such those weightings are not depicted here. Additionally, these pathways
typically function through four key types of factors (predation, nutrition, disease and hunting) which are
depicted Appendix A.

4.1 Landscape Disturbance

The scientific review for boreal caribou critical habitat provided a probabilistic evaluation of critical habitat
for boreal caribou relative to the set of conditions (demographic and environmental) within each range
(EC, 2011). Meta-analysis of population recruitment in relation to disturbance was undertaken and the
combined disturbance (fire and 500 m buffered anthropogenic disturbance) model explained
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approximately 70 percent of the variation in boreal caribou recruitment across Canada (EC, 2011).
Contributions to landscape disturbance are recognized as both natural (fire, insect pests) and of
anthropogenic origin (forest alteration/clearing, linear disturbance). The relative contribution of different
disturbances varies among ranges across Canada. For example, the effect from fire has been
documented as lower than the effect from forest cutovers (Vors et al., 2007).

4.1.1 Fire

Fire results in a mosaic of burned and unburned (residual) habitat patches. The total area burned by
wildfires each year is extremely variable and is affected by weather. Some caribou in Canada have
evolved within areas of relatively short fire-return intervals (EC, 2011). Caribou demonstrate ambivalent
responses to burn, rarely abandoning areas at the home range scale (Silva et al., 2020) but selecting
unburned residual patches such as old-growth forest stands or bogs and fens rather than early-stage
regenerating forests (Skatter et al., 2017; Konkolics 2019). Burns (< 50 years since disturbance) during
the snow-free period offer access to herbaceous shrubs and vegetation, insect relief and predator
avoidance (Nagy, et al., 2005 as cited within Culling & Culling, 2006). Recent evidence suggests that
increased use of burned habitats does not affect female survival (Konkolics, 2019).

The following direct pathways are captured in the model to characterize the expected consequences of
fire:

1. Decreased lichen abundance.

&

The alteration by wildfire of mature to old growth coniferous forests with extensive terrestrial
lichen forage can reduce the condition of habitat suitable for caribou (Russell, 2018). In the first
few decades following disturbance, fire strongly affects the abundance and distribution of
terrestrial lichens (Coxson & Marsh, 2001) when mature forests burn.

2. Increased browse abundance.

&

As conditions worsen for terrestrial lichens they generally improve for shrubs and herbaceous
vegetation (Coxson & Marsh, 2001; Heggberget et al., 2002). As noted above, while fire initially
reduces the availability of winter lichen forage for caribou, it can provide an increase in
herbaceous forage important to meet energetic demands during calving and summer seasons
(Nagy et al., 2005), facilitate natural regeneration of coniferous trees (i.e., jack pine) and prevent
replacement of lichens by inedible feather mosses in mature forest (COSEWIC, 2012).

4 | Page
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4.1.2

Insect Pests

Impacts from insect pests include widespread tree mortality or creating trunk defects, reduction in tree
vigor and growth rates, trees more susceptible to secondary insects and diseases (Alfaro, 1988). Pests,
or the mitigation measures to control pests, may change stand structure by selectively killing particular
tree species (e.g., mature pine) or by changing species composition to favour more browse

(e.g., Chagnon et al., 2021).

The following direct pathways are captured in the model to characterize the expected consequences of
forest pest epidemics or spread:

1.

Increased forest / land clearing.

Use of timber harvesting and prescribed burns to control pests (Nobert et al., 2020) results in
forest/tree clearing. Even in the absence of these treatments, tree mortality caused by pests such
as mountain pine beetle can thin stands and result in changes in light penetration and forest floor
conditions, specifically moisture and temperature (Cichowski & Williston, 2005). In Québec,
spruce budworm outbreak contributes to a change in forest structure with a resultant increase in
deciduous shrubs (Chagnon et al., 2021). The increase in deciduous shrub has a positive
numerical response on moose and a higher mortality risk of boreal caribou in winter (Labadie et
al., 2021).

Increased fire prevalence.

& @

Rate of fire spread and fire intensities have been predicted (e.g., Page and Jenkins, 2007) and
documented in experimental fires and wildfires in recent mountain pine beetle-killed stands
(Perrakis et al., 2014). Although very little fire behaviour has been documented in mountain pine
beetle-killed stands and fire spread is a complex process, overall evidence exists for more rapid
crown fire behaviour and very rapid spread of fire given fuel conditions in the first few years
following mountain pine-beetle attack (Perrakis et al., 2014). Fire hazard varies depending on
red-attack stage or gray-attack (post-epidemic) stage. Spruce budworm-killed balsam fir also
creates conditions of intense and rapidly spreading fire behaviour (Wotton et al., 2009 as cited
within Perrakis et al., 2014), although the effect is likely short-term.
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4.1.3 Forest Alteration/Clearing

Forest and land clearing occurs within caribou range through natural processes (pests), forest cutovers,
mining, wellsites, linear/road development, peat harvesting and agricultural conversion at varying scales
across jurisdictions. Forest alteration/clearing resulting in the conversion of mature coniferous stands
have led to the loss of spatial separation of caribou with other ungulates and their predators (Latham et
al., 2011b; Peters et al., 2013; c.f., Mumma et al., 2018).

There are a large number of studies that have correlated forest alteration/clearing with negative effects on
caribou, although most do not disentangle direct effects such as direct disturbance and habitat use
changes with forage availability, from indirect effects such as behavioural changes due to predation risk
and higher predation rates.

Specifically, caribou may respond negatively to forest alteration/clearing by not using areas of otherwise
suitable habitat or changing their selection of habitat, because of its proximity to disturbance (Carr et al.,
2011; Courtois et al., 2008; Dyer et al., 2001; Johnson et al., 2015; Leblond et al., 2011, 2013; Moreau et
al., 2012; Nagy 2011; Smith et al., 2000; Weclaw & Hudson, 2004; Weir et al., 2007; Vors et al., 2007).
Although forest harvest may represent a temporary disturbance, empirical evidence has demonstrated its
negative effects on caribou (e.g., Courtois et al., 2008; Fortin et al., 2013; Johnson et al., 2015; Schaefer
and Mahoney, 2007; Smith et al., 2000). In particular, Vors et al. (2007) identified forest cutovers as the
strongest predictor of caribou extirpation in Ontario, above other anthropogenic landscape disturbances
considered (including fires, roads, utility corridors, mines, pits and quarries, lakes, trails, and rail lines).

Caribou are negatively associated with logged landscapes, while moose, deer and wolves are positively
associated (Bowman et al., 2010). The harvesting of forests within entire wintering areas has led to the
demise of local caribou herds in Ontario (Cumming, 1992; Vors et al., 2007).

The following direct pathways are captured in the model to characterize the expected consequences of
forest alteration/clearing:

1. Decreased lichen abundance.

\
Vi

Forest alteration/clearing of mature coniferous forests reduces lichen abundance within these
previously mature stands.

2. Increased early seral browse abundance.
Ve
N -

Forest alteration/clearing or alteration (e.g., due to pests) within, or adjacent to critical boreal
caribou habitats increases the amount of early seral browse which is demonstrated in a numerical
response by primary prey (e.g., deer; Dawe, 2011) (e.g., moose; Labadie et al. 2021).
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4.1.4 Linear Development

Linear development including roads, pipeline, transmission lines, seismic lines and other cutlines
contribute to anthropogenic disturbances within caribou ranges. There is an abundance of research on
how linear developments alter the space-use of caribou (Faille et al., 2010; Nellemann & Cameron, 1998;
Pinard et al., 2012), other ungulates and predators (Dickie et al., 2019; Finnegan et al., 2018a; Fisher and
Burton 2018; Tigner et al., 2014). The avoidance of these features may decrease available habitat to
caribou. Despite the mounting evidence that linear developments modify the space-use of caribou,
moose, deer, wolves and bears, there remains limited evidence that directly ties linear developments to
population demographics of these species (Dickie et al., 2020; but see Whittington et al., 2011).

The following direct pathways are captured in the model to characterize the expected consequences of
linear development:

1. Increased browse abundance.
AN

Early seral browse suitable for ungulates and bears is abundant on seismic lines (Finnegan et al.,
2018b; Dawe et al., 2017). An unsupported hypothesis is that this increase in browse is sufficient
to indirectly influence ungulate movements or increase the density of primary prey in caribou
habitat.

2. Increased wolf and bear predation.

¢
/?j}(': P ! ' !

Linear disturbances are preferentially being selected for predator travel (Latham et al., 2011;
Whittington et al., 2011; DeCesare et al., 2012) and linear developments have been associated
with increased predator mobility as compared to surrounding forests (James, 1999; Dickie et al.,
2017; Dickie et al., 2019; DeMars and Boutin, 2017). Wolves and their kill sites have been
documented closer to linear developments than random (James, 1999; James & Stuart-Smith,
2000).

3. Increased human harvest.

X
/> N\

Linear developments increase the efficiency of people to access caribou range and human-
caused caribou mortalities have been documented closer to linear corridors (James and Stuart-
Smith, 2000). Linear developments, particularly roads, can facilitate hunting and poaching by

National Boreal Caribou Knowledge Consortium
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increasing human access (Edmonds 1988; Leblond et al., 2007). While this negatively affects
caribou, increased hunter harvest access may also reduce the abundance of primary prey
through the same mechanism; although this is not captured in the model.

4.2  Climate Change

Environment and Climate Change Canada (2020) assigns a medium level of concern to climate change
as a threat to boreal caribou but notes that long-term impacts are largely unknown. Barber et al. (2018)
forecasted the effects of climate change on boreal caribou in Alberta using three general circulation
models, focusing on changes in upland vegetation cover and wildfire that are expected to result in
changes to nutritional resources and predation risk.

The following direct pathways are captured in the model to characterize the expected consequences of
climate warming:

1. Decreased lichen abundance.

With warming temperatures, water tables in lowland boreal habitats are predicted to drop, drying
out peatlands and increasing fire frequency (Camill & Clark, 2000; Heggberget et al., 2002;
Kettridge et al., 2015). Fire strongly affects the frequency and distribution of terrestrial lichens
(Coxson & Marsh, 2001; Lewis et al., 2019). Icing events, caused by more-frequent freeze-thaw
cycles, can significantly reduce the lichen biomass accessible to caribou during the critical winter
season (Mallory and Boyce 2018).

2. Increased browse abundance.

As conditions worsen for terrestrial lichens they generally improve for shrubs and herbaceous
vegetation (Coxson & Marsh, 2001; Heggberget et al., 2002).

3. Increased unqulate abundance.

Mortality associated with severe (i.e., very cold and deep snow) winters, particularly among
juveniles, is a key limiting factor in ungulate populations (e.g., Ballard et al., 1981; Bartmann et
al., 1992; Singer et al., 1997; Garrott et al., 2003). Climate, particularly the severity of the winters,
has been associated with range expansion of white-tailed deer in Alberta (Dawe, 2011; Fisher et

National Boreal Caribou Knowledge Consortium
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al., 2020; Laurent et al., 2020). The northern expansion of white-tailed deer has also been
documented in Ontario (MNR, 2009; Racey and Armstrong, 2000). This expansion has been
facilitated by a combination of landscape change (i.e., habitat conversion resulting in higher
suitability deer habitat) and climate change (MNR, 2009; Racey and Armstrong, 2000). Warmer
temperatures are expected to reduce the frequency of severe winters and therefore increase
over-winter survival of ungulates, leading to higher densities of primary prey species.

4. Increased caribou disease prevalence.

AP R
“

Warmer temperatures may make conditions more favourable for various disease vectors in
caribou (Festa-Bianchet et al., 2011; Hoberg et al., 2008). and, anecdotally, prevalence among
caribou in western Canada seems to be increasing.

5. Increased fire prevalence.
O} 6
Fire ignition and growth are strongly dependent on weather conditions; consequently, a warming
climate is expected to increase fire activity in the boreal forest. Models predict increases in fire

occurrence of 75-140% by 2100 (Wotton et al., 2010). Evidence of increases in fire activity in the
boreal forest is already evident (van Lierop et al., 2015).

6. Increased insect pest eruptions.

Forest insects and pathogens have a much larger footprint in forests than fire, although their
effects are often less severe and sometimes even benign. However, all aspects of insect
outbreak behaviour are expected to increase as the climate warms (Cichowski & Williston, 2005;
Logan et al., 2003; Jactel et al., 2019). Climate warming is causing increases in severity of large
infestations or outbreaks and range expansion in a number of insect pests such as those of the
spruce budworm or mountain pine beetle causing tree mortality and reducing tree growth
(Fuentealba et al., 2013). Expected temperature increases and changes in precipitation patterns
may cause increased severity of spruce budworm outbreaks (Logan et al., 2003) and contribute
to the ongoing expansion of the geographical range of mountain pine beetle north and east of its
historical range within Canada; together, these could trigger epidemic infestations eastward
through the boreal forest (Fuentealba et al., 2013; Nealis & Peter, 2008; Safranyik et al., 2010).

9| Page
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4.3 Habitat

In general, caribou survival is highest where use of productive upland habitats, which are selected by
other ungulates and their predators, is limited (Anderson, 1999; Bradshaw et al., 1995; Thomas et al.,
1996; Stuart-Smith et al., 1997; Schneider et al., 2000; McLoughlin et al., 2005; Tracz, 2005). As
disturbance increases and habitats become more suitable for primary prey, spatial separation becomes
more difficult to maintain (Courtois et al., 2007).

Behavioural responses to disturbance may further reduce available habitat for caribou (Dyer et al., 2001,
2002; Oberg 2001; Rettie & Messier 2001; Weclaw & Hudson, 2004; Leblond et al., 2011, Polfus et al.,
2011; Moreau et al., 2012; Apps et al., 2013; CPAWS Wildlands League, 2013; Leblond et al., 2013;
possibly increasing detection rates by predators (Smith, 2004; Beauchesne et al., 2014) or contracting
caribou range (Vors, 2006).

Landscape disturbance directly affects the distribution and abundance of forage available to caribou and
to other species important to the broader predator-prey system. As landscape disturbance increases,
lichen resources generally decline while other forages generally (but not always; Neufeld et al., 2021)
benefit, generally fragmenting areas of suitable habitat for caribou into smaller patches.

Nagy (2011) found a positive correlation between population growth rates and access to secure unburned
habitat, particularly where most of the habitat was in patches greater than 500 km2. Refuge from
predation is critical for caribou, and larger patches of intact habitat reduce the likelihood that caribou will
be found within the search radius of predators travelling linear features or hunting in nearby, suitable
primary prey habitat. Some linear features (e.g., above-ground pipelines [ABMI and Alberta Innovates,
2012; Jalkotzy et al., 1997]; roads [[Dyer et al., 2002]) are also hypothesized to form a semipermeable
barrier to the free movement of caribou between patches of suitable habitat (Dyer et al., 2001; Dyer et al.
2002). These effects contribute to an increase in overlap (and reduced spatial separation) between
ungulates (moose, deer) and predators into caribou habitats (James et al., 2004; Latham et al., 2011b).

Where suitable habitat has been reduced and fragmented as a result of wildfire, caribou do not
appreciably alter their distribution or range fidelity (Dunford, 2003; Culling and Culling, 2006; Silva, 2020),
instead focusing their use on residual patches within the burns, remaining forest stands, bogs and fens
(Dunford, 2003; Kansas et al., 2016, Skatter et al., 2017).

Habitat arrangement metrics, such as patch size distribution, patch isolation, barrier effects, etc., are all
generally correlated with levels of disturbance within a range. The effect of habitat arrangement on
caribou, independent of the overall level of disturbance in a range, has not been clearly demonstrated
and is not addressed in this model.

4.3.1.1 Lichen

Terrestrial, and to a lesser extent, arboreal lichens comprise the majority of the winter diet of boreal
caribou throughout Canada (e.g., Thomas et al., 1996; Arseneault et al., 1997; Newmaster et al., 2013;
Thompson et al. 2015). Winter being a critical season for ungulates, an abundant supply of lichen forage
is considered critical for caribou populations. As a result, in the model an increase in the abundance of
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lichen is expected to directly increase caribou survival and recruitment. This effect will not be
significant where caribou populations are not limited by available lichen or other forage, but rather are
limited by other factors (e.g., unsustainable predation).

4.3.1.2 Browse

“Browse” in the model refers primarily to boreal trees, shrubs, forbs and other plants that comprise the
year-round forage of moose (e.g., Renecker and Hudson, 1988; Timmermann and McNichol, 1988;
Routledge and Roese, 2004) and deer (e.g., Lefort et al., 2007).

The following direct pathways are captured in the model to characterize the expected consequences of
more abundant browse:

1. Increased caribou survival and recruitment.

While a diet dominated by lichens sustains caribou through the winter months, a high-quality diet
in the summer is essential for the accumulation of fat and protein reserves necessary for
overwinter survival and successful reproduction (e.g., Parker et al., 2009).

2. Increased bear predation.

aa’

Black and grizzly bears make use of many of the same early seral forage species used by
ungulates, and their populations can respond positively when the distribution and abundance of
suitable forage increases (e.g., Brodeur et al., 2008).

3. Increased beaver abundance.

As an abundant and generalist herbivore, beavers also appear to respond positively to more
abundant, early seral forage (Potvin et al., 2005).

4. |Increased ungulate abundance.

IR,

Like caribou, other ungulates depend on high-quality and abundant forage resources available
during the growing season to maximize their condition before entering the stressful winter and
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subsequent calving seasons (e.g., Parker et al., 2009). Conversion of older forests to early seral
habitat or to agriculture areas through forest and land clearing has increased the abundance of
deer, their reproductive success, and are sources for immigration of deer into caribou ranges
(Charest, 2005; Dawe et al., 2014; Fisher and Burton, 2021). This increase in ungulate
abundance can “spill over” into adjacent habitats where browse remains relatively unchanged
(Latham, 2011b).

4.4  Population Dynamics
4.4.1 Predator-Prey

Predation has been identified as the largest source of mortality of caribou, limiting both adult female and
calf survival (Apps et al., 2013; Bergerud & Elliot, 1986; Festa-Bianchet et al., 2011; Lewis et al., 2016;
McLoughlin et al., 2003; Rettie & Messier, 1998; Seip, 1992; Wittmer et al., 2005). Increased predation is
a combination of density (“numerical response”) and per capita kill rates (“functional response”).
Increased predation on caribou is hypothesized to result from increased ungulate abundance within and
surrounding caribou range, which therefore increases predation on caribou via apparent competition
(Serrouya et al., 2020). Increased moose density and the expansion of deer, particularly white-tailed deer,
is thought to increase the density of predators (Latham et al., 2011b).

The dominant predator species are variable across Canada. Predation by wolves, black and grizzly bears
and cougars is common in western Canada (Edmonds 1988; Stuart-Smith et al., 1997; Rettie and
Messier 1998), whereas in eastern Canada where wolves have been extirpated, predation by coyotes
and black bears is common (Frenette et al., 2020; Lewis et al., 2016; St. Laurent et al., 2020). Here we
have focussed on the role of wolves and bears (both grizzly bears and black bears).

4.4.1.1 Wolves

1. Decreased caribou survival and recruitment.

Increased wolf densities within caribou range (Bergerud and Elliot, 1986; Frenette et al., 2020) is
hypothesized to increase the incidental predation of caribou by wolves. Facilitated movement on
linear disturbances (DeCesare, 2012; Dickie et al., 2017; Latham et al., 2011a) and increased
encounter rates via increased spatial-overlap (DeMars & Boutin, 2017; Mumma et al., 2018;
Whittington et al., 2011) are hypothesized to increase the per capita kill rate of caribou by wolves
(McKenzie et al., 2012). The functional response of wolves is further tied to the numerical
response, such that increased hunting efficiency can increase reproductive output (Serrouya et
al., 2020).
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4.4.1.2 Bears

1. Decreased caribou survival and recruitment.

The role of bears in caribou mortality is variable across Canada. Black bear predation is common
in eastern Canada (Dussault et al., 2012; Frenette et al., 2020; Lewis et al., 2016; St. Laurent et
al., 2020). Grizzly bear predation on ungulate calves has been shown to be high in some systems
(Brockman et al., 2017). In western Canada, black and grizzly bears do not appear to be
significant predators of caribou adults or calves, but do depredate some calves (Gustine et al.,
2006). Linear features are hypothesized to increase encounter rates between black bears and
calves (DeMars & Boutin, 2017; Tigner et al., 2014).

4.4.1.3 Ungulates

The following direct pathways are captured in the model to characterize the expected consequences of
increased ungulates:

1. Increased wolf and bear predation.

Increased primary prey density on the landscape results in increased predator density, and thus
increased incidental predation on caribou - a process termed “apparent competition” (Holt, 1977;
Peters et al., 2013). Other ungulates such as moose and deer make up a large component of wolf
diet, especially in winter, thereby increasing wolf density (Frenette et al., 2020; Latham et al.,
2011; Latham et al., 2013).

2. Increase caribou disease prevalence.

Y
o ¥ AF [
(R ~)

By increasing ungulate contact rates with caribou (Festa-Bianchet et al., 2011; Barber et al.
2018). Deer and moose are susceptible to a number of diseases, such as Onchocera spp.,
(Verocai et al., 2012; McFrederick et al., 2013), Rumerfalaria andersoni (Grunenwald et al.,
2016), and many others that can transfer to caribou via direct or environmental contact (Tryland
and Kutz, 2017). Winter tick infestations have been implicated in moose die-offs (Samuel, 2007).
There is concern about disease transference from other ungulates (e.g., deer) as their
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populations increase and contact with caribou becomes more likely (Festa-Bianchet et al., 2011,
B arber et al. 2018; MNRF, 2014).

4.4.1.4 Beavers

1. Increase wolf and bear predation.

>

Beavers can make up a large component of wolf diet, especially in summer, thereby increasing
wolf density (Fuller and Keith, 1980; Gable et al., 2018; Latham et al., 2013). The role of beavers
in bear diet is not well understood; black and grizzly bear diets are predominantly made up of
plants, but animal protein is eaten opportunistically and can vary by season and reproductive
status (Hatler et al., 2008; Nielsen et al., 2016). In some systems bears have been found to
depredate beavers, though it is believed that bears are less significant beaver predators than
wolves (Smith et al., 1994). While beavers have the potential to increase wolf and bear density,
as well as increase predator use of caribou habitat while searching for beavers, this remains a
knowledge gap in Canada’s boreal forest.

4.4.2 Caribou Harvest

1. Decreased caribou survival and recruitment.

Harvest no longer occurs in many caribou ranges, either via hunter harvest mandates or
voluntary moratoriums on hunting by Indigenous Peoples. However, the degree to which
poaching and Indigenous harvest occurs is not well documented and likely varies across ranges.

4.4.3 Caribou Disease Prevalence

Decreased caribou survival and recruitment.

YW a
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Caribou are susceptible to a number of diseases including parasites, bacterial infections, viruses,
and prions (Tryland and Kutz, 2013). Chronic Wasting Disease is of particular concern (Arifin et
al., 2020), though the susceptibility of caribou is not fully understood (Cheng et al., 2017). The
majority of information on caribou disease prevalence comes from research related to
domesticated and semi-domesticated reindeer populations, though research in North America is
increasingly available (BCIP 2014, Finnegan et al., 2016).

4.4.4 Caribou Survival and Recruitment

Many caribou populations have low adult female survival and low calf recruitment despite high pregnancy
rates (McLoughlin et al., 2003; St. Laurent et al., 2020; Pinard et al., 2012). The relationship between
cumulative habitat disturbance and boreal woodland caribou population demography are well established
(EC 2011, 2012; Johnson et al., 2020). Boreal caribou living in areas with higher densities of linear
features and other human disturbances have reduced recruitment (EC, 2011), lower survival rates
(Johnson et al., 2020), and overall lower population growth rates (Sorensen et al., 2008; Serrouya et al.,
2020). Caribou survival and recruitment is a function of the pathways described above.

4.5 Knowledge Gaps

The model captures the major pathways leading from climate and habitat stressors to caribou decline;
however, the relative strength of pathways is uncertain and varies among ranges. This has obvious
management implications because recovery actions that target weak pathways are unlikely to generate
significant benefits.

Research to date has largely focused on either single, direct pathways or effects (e.qg., effect of fire on
lichen, effect of wolf control on caribou survival and recruitment) or on indirect and multiple pathways
(e.g., effect of composite measures of landscape disturbance on caribou demography). Some direct
pathways have yet to be estimated (e.g., effect of browse on bear distribution and abundance in caribou
range, role of beavers in driving predator populations and distribution, independent patch size effects).
Furthermore, a large body of literature focuses on behavioral responses, but does not explicitly address
how these changes in behaviour influence the abundances of primary prey, predators or caribou.

The following are priority knowledge gaps that are relevant to the design and implementation of
restoration treatments:

1. The effect of linear development on browse abundance and subsequently on primary-prey
abundance. Linear features are common but cover only a small portion of the landbase. The
extent to which they are driving the numerical response of primary prey through habitat
enhancement is unclear.

2. The degree to which linear development increases wolf and bear predation. While the link
between linear developments and predator behaviour are well established, there is currently little
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direct evidence linking increased selection for, and movement on, these features to predator
density or kill rates of caribou.

3. The relative effects of 1 and 2, above - how linear development increases wolf abundance via
prey-enrichment versus access-enhancement pathways (i.e., wolf numerical versus wolf
functional responses). The relative strength of these pathways, as well as their interactive effects,
informs the expected benefit of management actions to reduce ungulate browse versus blocking
predator access.

4. The relative effect of habitat change versus climate change on primary prey abundance, and what
the relevant retrospective and prospective timescales are. Restoration efforts to reduce primary
prey populations via browse abundance may have limited effect if primary populations are
expanding primarily due to the decreasing frequency of severe winters.

5. The relative effects of habitat patch size, habitat configuration and other landscape metrics
independent of range-wide levels of habitat disturbance amount (total % area). While the
relationship between range-wide disturbance metrics and elements of the caribou systems are
relatively well-understood, the independent effects of spatial arrangement are not.

6. Role of terrestrial lichen transplants in lichen establishment. The literature indicates that terrestrial
lichen fragment and mat transplants can be used to establish terrestrial lichen communities,
however, it remains unclear which technique is best for restoring terrestrial lichen (Rapai &
McMullin, 2017) and impact to caribou overall.

7. The spatio-temporal scale at which habitat restoration must occur to mitigate the effect of each
stressor on caribou populations via each of the causal mechanisms identified. While this report
highlights the current state of knowledge of each of the pathways or mechanisms, testing the
efficacy of habitat restoration trials at scale to mitigate the effects identified remain in their
infancy.

4.6 Intended Application

The Boreal Caribou Ecological Model is intended to inform planning and implementation of habitat
restoration activities, either independently or in conjunction with other recovery actions. Given limited
resources it is important to direct effort towards actions that are most likely to generate significant benefits
to caribou survival and recruitment. While habitat disturbance is broadly correlated with caribou declines,
the types of disturbances, and therefore the significance of their associated pathways, vary from range to
range, suggesting that different mixes of recovery actions might be warranted.

For example, recent studies have concluded that anthropogenic disturbance is a more significant driver of
caribou declines than fire (ECCC, 2020; Johnson et al., 2020). This suggests that treatments directed at
restoring anthropogenic disturbance are likely to generate greater benefits to caribou than attempting to
accelerate recovery from fire. But even within the anthropogenic disturbance footprint, restoration effort
needs to be allocated between linear and polygonal disturbance and benefits to caribou are likely to vary
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depending on the particular mix of primary prey and predators and other circumstances characteristic of
different ranges.

The model also identifies potentially confounding factors along pathways that could reduce the
effectiveness, or the ability to measure the effectiveness, of habitat restoration. For example, actions to
reduce primary prey and/or predators will confound the ability to measure the benefit to caribou of habitat
restoration treatments focused on reducing browse or disrupting wolf movements. Similarly, climate
change may limit the benefits of habitat restoration treatments if fire frequency and over-winter survival of
ungulates increases. These possible confounders need to be acknowledged and tested to ensure
informed decision-making regarding the allocation of recovery effort.

This work is intended to inform the design and implementation of restoration treatments by identifying the
pathways to caribou decline that could/should be disrupted by treatments. The selection of treatments
and their spatial deployment requires range-specific operational planning.

5 NEXT STEPS

1. Define metrics that can be used to assess the condition of each factor in the model.

2. Estimate the current condition of metrics within caribou range, where possible or through case
studies.

3. Identify key relationships to be tested/monitored via adaptive management trials or modelling.

4. Link to range planning to frame restoration treatment selection, project planning and effectiveness
monitoring.
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6 APPENDIX A

PREDATION PATHWAYS
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Figure A2: Highlighted ‘predation pathways’ in the Boreal Caribou Ecological Model developed by the Habitat
Restoration Working Group. Solid arrows represent positive effects and dashed arrows indicate negative

effects.
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NUTRITION PATHWAYS
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CLIMATE CHANGE POSITIVE EFFECT

= =— = NEGATIVE EFFECT

Figure A2: Highlighted ‘nutrition pathways’ in the Boreal Caribou Ecological Model developed by the Habitat
Restoration Working Group. Solid arrows represent positive effects and dashed arrows indicate negative
effects.
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Figure A3: Highlighted ‘disease pathways’ in the Boreal Caribou Ecological Model developed by the Habitat
Restoration Working Group. Solid arrows represent positive effects and dashed arrows indicate negative
effects.
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Figure A4: Highlighted ‘hunting pathway’ in the Boreal Caribou Ecological Model developed by the Habitat
Restoration Working Group. Solid arrows represent positive effects and dashed arrows indicate negative
effects.
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Table B1: References for pairwise model mechanisms.
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4.1 LANDSCAPE DISTURBANCE

4.1.1 FIRE

1 FIRE = | LICHEN
ABUNDANCE

Coxson & Marsh, 2001
Russell, 2018

® |®
® ®

1 FIRE = 1 LICHEN
ABUNDANCE

COSEWIC, 2012
Coxson & Marsh, 2001
Heggberget et al., 2002
Nagy et al., 2005

4.1.2 INSECT PESTS

)
®)

1 INSECT PESTS = 1 FOREST
/ LAND CLEARING

Chagnon et al., 2021
Cichowski & Williston, 2005
Labadie et al., 2021

Nobert et al., 2020

©
®

1 INSECT PESTS = 1 FIRE
PREVALENCE

Page and Jenkins, 2007
Perrakis et al., 2014
Wotton et al., 2009

4.1.3 FOREST ALTERATION / CLEARING

1 FOREST ALTERATION /
CLEARING = | LICHEN
ABUNDANCE
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@

1 FOREST ALTERATION /
CLEARING =1 EARLY SERAL
BROWSE ABUNDANCE

Dawe, 2011
Labadie et al. 2021

4.1.4 LINEAR DEVELOPMENT

1 LINEAR DEVELOPMENT =1
BROWSE ABUNDANCE

Dawe et al., 2017
Finnegan et al., 2018b

D ®

&
&

T LINEAR DEVELOPMENT =1
WOLF AND BEAR PREDATION

DeCesare et al., 2012
Dickie et al., 2017;

Dickie et al., 2019;

DeMars and Boutin, 2017
James, 1999;

James & Stuart-Smith, 2000
Latham et al., 2011
Whittington et al., 2011

@
2

T LINEAR DEVELOPMENT = 1
HUMAN HARVEST

Edmonds 1988;
James & Stuart-Smith, 2000
Leblond et al., 2007

4.2 CLIMATE CHANGE

1 CLIMATE CHANGE = |
LICHEN ABUNDANCE

Camill & Clark, 2000
Coxson & Marsh, 2001
Heggberget et al., 2002
Kettridge et al., 2015
Lewis et al., 2019
Mallory and Boyce 2018

1 CLIMATE CHANGE =

1 BROWSE ABUNDANCE

Coxson & Marsh, 2001
Heggberget et al., 2002
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1 CLIMATE CHANGE =

1T UNGULATE ABUNDANCE

Ballard et al., 1981
Bartmann et al., 1992
Dawe, 2011

Fisher et al., 2020

Laurent et al., 2020

MNR, 2009

Racey and Armstrong, 2000
Singer et al., 1997

Garrott et al., 2003

1 CLIMATE CHANGE =

1 DISEASE PREVALENCE

Festa-Bianchet et al., 2011
Hoberg et al., 2008

1 CLIMATE CHANGE =

1 FIRE PREVALENCE

van Lierop et al., 2015
Wotton et al., 2010

1 CLIMATE CHANGE =

1 INSECT PEST ERRUPTIONS

Cichowski & Williston, 2005
Logan et al., 2003
Fuentealba et al., 2013
Jactel et al., 2019

Nealis & Peter, 2008
Safranyik et al., 2010

4.3 HABITAT

1 LICHEN = 1 CARIBOU
SURVIVAL AND
RECRUITMENT

Thomas et al., 1996
Arseneault et al., 1997
Newmaster et al., 2013
Thompson et al. 2015

1 BROWSE = 1 CARIBOU
SURVIVAL AND
RECRUITMENT

Parker et al., 2009
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1 BROWSE = 1 BEAR Brodeur et al., 2008

PREDATION

+ BROWSE = 1 BEAVER Potvin et al., 2005

ABUNDANCE

B Charest, 2005
T BROWSE =1 UNGULATE | - "ot al., 2014

ABUNDANCE Fisher and Burton, 2021
Latham, 2011b
Parker et al., 2009

® ® ®
®» ® @

4.4 POPULATION DYNAMICS

4.4.1 PREDATOR-PREY

@ 1 WOLVES = | CARIBOU Bergerud and Elliot, 1986

SURVIVAL AND DeCesare, 2012

DeMars & Boutin, 2017

RECRUITMENT Dickie et al., 2017
Frenette et al., 2020
Latham et al., 2011a
McKenzie et al., 2012
Mumma et al., 2018
Serrouya et al., 2020
Whittington et al., 2011

Brockman et al., 2017

1 BEARS = | CARIBOU DeMars & Boutin, 2017
SURVIVAL AND Dussault et al., 2012
Frenette et al., 2020
RECRUITMENT Lewis et al., 2016
Gustine et al., 2006
St. Laurent et al., 2020
Tigner et al., 2014
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BEAR PREDATION Latham et al., 2011

Latham et al., 2013
Peters et al., 2013

_ Frenette et al., 2020
@ 1 UNGULATES = 1 WOLF AND Holt, 1977

_ Barber et al. 2018
T UNGULATES =1 CARIBOU Festa-Bianchet et al., 2011
DISEASE PREVALENCE McFrederick et al., 2013

Tryland and Kutz, 2017
Tryland and Kutz, 2017
Verocai et al., 2012

BEAR PREDATION Hatler et al., 2008

Latham et al., 2013
Nielsen et al., 2016
Smith et al., 1994

_ Fuller and Keith, 1980
e 1 BEAVERS = 1 WOLF AND Gable et al, 2018

4.4.2 CARIBOU HARVEST

1 CARIBOU HARVEST = |
CARIBOU SURVIVAL AND
RECRUITMENT

BCIP 2014
1 CARIBOU DISEASE Cheng et al., 2017

PREVALENCE = | CARIBOU | Finnegan et al., 2016
SURVIVAL AND Tryland and Kutz, 2013
RECRUITMENT

@ |
¥ @
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