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Abstract

Genetic diversity is the basis of biodiversity, and the adequate availability of diverse genetic
resources can help species adapt to ecosystem change such as climate change. The protection of
genetic resources is therefore an important aspect of biodiversity conservation. One of the most
widely-used methods for protecting species and their genetic diversity is the use of in situ
reserves; however, such reserve systems are not typically designed to capture the full genetic
diversity of species. In this study, I perform a conservation gap analysis on 14 native tree species
in the Canadian province of Alberta, to identify the genetic populations of each species and to
determine which of these populations are inadequately protected by the current reserve network.
I synthesize forest inventory data, high resolution satellite data, and distribution modeling to
infer missing species distribution data, then identify locally-adapted genetic populations using
ecological sub-regions as proxy. To improve long-term species adaptation potential, my
conservation goal is to reduce the number of unprotected populations by expanding Alberta’s
reserve network. I use the conservation software Zonation to identify potential new reserve
locations for filling the identified conservation gaps. Approximately 14.7% of Alberta's trees are
currently located within protected areas. However, 10 of the 14 studied native tree species have
at least one genetic population that is inadequately protected. In total, I identified 97 genetic
populations, of which 13 are high priority gaps that are not adequately protected in the reserve
network. In the design of future reserves, I recommend placing priority on species with low
representation, high vulnerability to ecosystem change, or high numbers of unprotected genetic
populations. I suggest 10 potential new reserve locations to increase representation for the 13 gap
populations, which may help increase native tree species and ecosystem resiliency to

environmental change.
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1 Introduction

1.1 Why conserve genetic diversity?

Genes provide organisms with the raw materials necessary for adaptation and evolution, and
therefore they may be considered the most fundamental component of biodiversity (Srgo et al
2011, Ledig et al 1998). Species must have an adequate supply of diverse genetic resources in
order to adapt to ecosystem change such as disease outbreak, competition, and climate change
(Ledig 1986, Menges 1991, Lande 1998). The pressure exerted by ongoing environmental
variation directly affects the survival rates of organisms and species, and over time these forces

drive evolution and create biodiversity (Pressey et al 2003, Sgro et al 2011).

High genetic diversity can provide species with increased resiliency to ecosystem change, while
reduced genetic variation may make a species more susceptible to change and thereby increase
its extinction risk (Ledig 1986, Reusch et al 2005, Young et al 1996). Genetic diversity increases
through mutation or migration of genes from nearby populations. Decreased genetic variation
occurs through genetic erosion, which happens when natural selection favors certain genes or
when genes are lost by chance if individuals die or do not reproduce, i.e. genetic drift. Reduced
genetic variation may lead to inbreeding depression, which lowers evolutionary fitness and
increases extinction risk (Spielman et al 2004, Young et al 1996). Genetic erosion is an
especially acute problem for species with small populations, because they may already have
depressed genetic diversity. However, the same principles also apply to abundant species

(Gaston et al 2000).

1.2 Protecting common species

Common species are often perceived as having low extinction risk, but historical evidence shows
that common species can decline rapidly and without warning in response to environmental
change. For example, the introduction of a nonnative chestnut blight (Cryphonectria parasitica)
in the 1900s caused precipitous decline in the then-abundant and commercially valuable
American chestnut (Castanea dentate), which suffered widespread die-offs and altered physical
structure in the few surviving trees (Ellison et al 2005). Reduced vitality of common tree species
can have widespread impacts on overall forest health, and ecosystem deterioration may begin

after a relatively low amount of species decline (Ellison et al 2005, Gaston and Fuller 2008).
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This is because common species are often foundation species in forests, meaning they perform a
disproportionately high amount of ecosystem processes in relation to their biomass (Dayton

1972).

Foundation species create the physical structure of a forest, maintain ecosystem processes such
as water cycling, and stabilize local environmental conditions, which may help protect smaller
plant and animal species (Dayton 1972, Gaston and Fuller 2008, Ellison et al 2005, Aycrigg et al
2013). In forest ecosystems that only contain one or two foundation species, there is little
functional redundancy, so the loss or reduction of one species will likely cause rapid ecosystem
shifts (Ebenman and Jonsson 2005). In addition, foundation species loss can also cause many
secondary extinctions among interdependent organisms, and in some extreme cases can lead to
community collapse (Ebenman and Jonsson 2005, Koh et al 2004). In the case of American
chestnut, while some individuals still exist in parts of its former range, the diminished population
size and altered physical structure mean chestnut is unable to perform its foundation species role.

It is therefore considered functionally extinct (Ellison et al 2005).

In general, there are far fewer common species than rare species (Isbell et al 2011). Biodiversity
conservation has been a popular scientific and political goal for many years, but traditionally it
has focused on saving already-rare species from extinction rather than preventing the decline of
common species (Scott et al 1993, Sgro et al 2011). Conservation of rare species helps maintain
high species diversity, but it is important to also conserve common species to promote high
ecosystem health and functioning (Gaston and Fuller 2008, Isbell et al 2011). Therefore,
conservation efforts should focus on proactively protecting common species in addition to saving

rare species.

1.3 Genetic diversity and adaptation of trees

Canada encompasses a wide range of environmental conditions, from the warm, fertile prairies in
the south central to cold boreal forests in the north. This natural variation drives individuals to
evolve adaptive characteristics which allow them to survive under different environmental
conditions. Adaptations in tree species may be morphological traits, such as leaf shape or xylem
structure, or physiological traits, such as carbon allocation (Howe et al 2003, Montw¢ et al 2015,

Landhédusser and Lieffers 2001). Trees have an especially high level of individual genetic



variation in comparison to other plants (Hamrick and Godt 1990). This allows temperate species
to be widely distributed (Morgenstern 2011); for example, trembling aspen can grow as far north

as the Arctic Circle and as far south as Mexico.

Because trees are sessile and cannot move away from adverse environmental conditions,
individuals tend to be adapted to their immediate microclimate in an especially fine-scale manner
(Menges 1991). Minute differences in temperature, light levels, elevation, and nutrient
availability affect how genes are expressed by individuals. Over time, site-specific natural
selection pressures can create groups of genetically distinct local populations that are specifically
adapted to their immediate climates (Morgenstern 2011, Savolainen 2007). For example, a study
in Oregon found that a single 6100-hectare watershed could have up to six microclimates, and
that individual Douglas-fir seedlings were unlikely to survive if they were moved just 670 m
higher or lower on the same slope on which they were found (Campbell 1979). In Alberta, cold
hardiness in white spruce (Picea glauca) is strongly influenced by a seed’s original latitude and

climate (Sebastian-Azcona et al 2018).

An additional type of adaptation is phenotypic plasticity, or the extent to which an individual’s
genotype can be modified by environmental conditions during its lifespan (Bradshaw 1965).
Phenotypic plasticity helps individuals survive the climactic fluctuations that occur on a short
temporal scale. For example, a drought in southern Sweden prompted Norway spruce (Picea
abies) to grow thicker-walled hydraulic systems that were more resistant to cavitation (Montwé
et al 2015). Different genetic populations within a species may also exhibit higher phenotypic
plasticity, as was demonstrated in a study by Schreiber et al (2015) that compared provenance
trials on aspen and noted that certain populations were better able to alter xylem diameters in
response to summer moisture availability. Furthermore, within-population genotypic variation
can be quite high due to gene flow; in a recent study on interior spruce and lodgepole pine,
growth and cold hardiness varied widely among individuals within the same population (Liepe et

al 2016, Kremer et al. 2012, Yeaman and Jarvis 2006).

1.4 The practical value of conserving forest genetic diversity

Canada’s extensive forests cover 347 million hectares, which account for 9% of the world’s
forest cover and 30% of the global boreal forest (NRC 2017, FAO 2010). These forests contain
roughly 66% of the roughly 140,000 species found within Canada. The forestry industry creates

3



1.2% of the country’s gross domestic product, and it is the fourth-largest exporter of forest
products in the world (NRC 2017). As the global human population increases, the demand for
raw forest products and forest ecosystem services such as clean air and recreation will continue
to grow (FAO 2010). Following harvest on Crown lands, sustainable forest management laws
require reforestation to ensure ongoing timber production and high ecosystem service
functioning. Regeneration may be performed using natural or artificial regeneration methods,
e.g. seedling planting and seeding. In 2015, over 500 million seedlings were planted in Canadian

forests (NRC 2017).

To maximize growth in planted stands, seedlings must be appropriately adapted to the climate of
a new planting site. Finding a good transfer match allows a seedling to grow to its full genetic
potential within a new environment, while moving a seedling to a poor match location may result
in maladaptation such as cold injury or drought susceptibility (Ying and Yanchuk 2006). One
method for determining appropriate matches is provenance studies, which are common garden
experiments that test the potential of various wild seed genotypes across multiple planting
locations. Additionally, tree breeding programs create genetically improved seed for replanting
by selectively choosing appropriate strains of parental genotypes from seed orchards, most
commonly for important commercial species such as lodgepole pine (Pinus contorta) and white
spruce (Picea glauca) (MacLachlan et al 2017). In addition to increasing stand productivity, tree
improvement programs may also increase genetic diversity in natural stands faster than would
normally occur, because artificial regeneration methods may move seedlings and their genetic

materials much further than they could migrate on their own (Ledig 1986).

In terms of both commercial forestry and biodiversity conservation, wild genetic resources
should be conserved because of their potential future value (Ledig 1986). Wild populations
benefit by having increased adaptation potential and resilience, and commercial operations
benefit because tree breeders have a larger selection from which to choose in case of new
industry demand or environmental pressure (Chourmouzis et al 2009). For example, climate
change is predicted to negatively affect the productivity of lodgepole pine stands in Alberta’s
Foothills region, and protecting the future productivity in regional planted and wild stands may
depend upon the availability of an appropriate genetic variant that is able to withstand the new

conditions (Chhin et al 2008, Ledig 1986). However, it is impossible to know which exact



genotypes will be most valuable in the future, so the most prudent approach is to systematically

protect samples of all genetic variants (Ledig 1986).

Alberta is nearly 60% forested by land area (38 million ha), and its annual harvest of
approximately 82,000 ha is worth $8.4 billion to the provincial economy (Government of Alberta
2017a). In 2015, 26% of Alberta’s harvested land was naturally regenerated using in situ seed
and fostering of vegetative reproduction in aspen (Government of Alberta 2017b). On the
remaining 73% of harvested land, artificial regeneration was performed using pre-germinated
seedlings (72.2%) as well as a limited amount of seeding (0.8%). Approximately 80 million
seedlings are planted annually in Alberta (Government of Alberta 2017b).

The Forestry Division of Alberta Sustainable Resource Development (ASRD) published its
“Gene Conservation Plan for the Native Trees of Alberta” in 2009. The stated goal is to
adequately conserve in situ genetic forest resources for Alberta’s native tree species, in order to
promote sustainable forest management and protect natural heritage resources. The conservation
effort for Alberta’s genetic resources began in 1975, but for many years the concepts were only
applied to a select few commercial tree species (ASRD 2009). More recently, Alberta forestry
practices have shifted towards compulsory use of genetically improved seed whenever available
(Alberta Forest Genetic Resources Council 2015). Additionally, two native at-risk species were
recently listed as endangered under Alberta Wildlife Act: whitebark pine (Pinus albicaulis) and
limber pine (Pinus flexilis). Protective legislature and individual conservation programs are now
in place to protect the genetic resources of these species (Alberta Whitebark and Limber Pine
Recovery Team 2014). However, the remaining non-commercial and non-endangered native

species are underrepresented in the provincial genetic conservation effort.

1.5 How to protect the invisible

The first step towards protecting genetic resources is to determine the number and location of
distinct genetic populations, which can be a challenging task. Procurement of exact genetic
information is costly and time consuming, because it involves decades-long provenance trials to
observe phenotypes or individual DNA analysis to get exact information (Iriondo et al 2008,

Vogel et al 2004). Genetic population information is therefore lacking for the vast majority of



species, including Alberta’s native trees (Hamann et al 2004). However, because tree genotypes
are highly adapted to their local climates and physiographic features, a common solution for
determining distinct genetic populations is to use environmental factors as proxy (Ledig 1986,

Groves et al 2002, Margules and Pressey 2000).

Plant ecologists have long recognized the link between physical location and intraspecific
vegetation variation (e.g. Cornelius and Johnston 1941), and have developed systems for
classifying ecoregions. Ecoregions are categorized by unique plant assemblages and soil groups,
which are indicators of a region’s climate (Downing and Pettapiece 2006, Vogel et al 2004).
Alberta has an existing ecoregion delineation system that divides the province into natural
regions (NR) and natural sub-regions (NSR) (Downing and Pettapiece 2006). Natural regions are
large areas that can be climatically diverse; for example, one of Alberta’s Natural Regions, the
Boreal Forest, has a 5 degree (C) difference in average temperatures between its northern and
southern edges. All individuals of a species that are found within a single Natural Region are not
typically genetically uniform across the entire region, but rather are stratified by elevational or
latitudinal gradients and are adapted to a specific area within the NR (Vogel et al 2004). Thus,
natural regions are too coarse to be used as proxy for genetic populations. Each natural region is
further divided into natural sub-regions, which are smaller and more homogenous units of land
with similar patterns of vegetation, climate, elevation, and physiography. The Boreal Forest NR
is divided into six NSR. The homogeneity of these land units is sufficient to use as proxy for
locally adapted genetic populations (Groves et al 2002). I assume that each NSR contains unique
locally adapted genetic resources, and I define a genetic population as all individuals of a species

that occupy a single NSR.

There is also a finer habitat delineation category called seed zones, which is used in provincial
tree improvement programs to determine appropriate seed transfer matches (Ying and Yanchuk
2006). Seed zones are even finer divisions of NSR, and are initially based on the same
environmental factors that separate natural regions from natural sub-regions, then refined using
data from provenance trials as it becomes available (Matyas 1994). However, there is some
evidence that seed zones are too spatially fine for use as genetic population proxy, since high
gene flow can cause high within-population diversity, i.e. there may not be sufficient

environmental differences between adjacent seed zones to create genetically distinct populations



(Liepe et al 2016, Hamrick 2004). Therefore in this study, seed zones are used only for

comparative analysis.

Once genetic populations have been identified, they can then be protected. In order to
systematically preserve genetic samples of all possible genotypes, it is important to protect
samples from both representative and unusual habitats. Representative habitats are used in the
assumption that the majority of the species’ available genetic resources will be contained within
them, while the unusual habitats are valuable because they may contain individuals adapted to

unique or extreme conditions on the edge of species’ range (Ledig 1986).

1.6 Implementing gene conservation (in situ vs ex situ)

The most effective method for genetic protection is a contested subject. The two prevailing
methods are in Situ protection using reserves, or protected areas, and ex Situ protection using seed
banks and gardens (Pressey et al 1993, Ledig 1986). Both methods have merit, but also contain
inherent risks. Conservation in situ tends to be less expensive and includes additional benefits
such as continuing ecological functions and recreation opportunities (Ledig 1986, Possingham et
al 2006). This method is also considered to be more effective and realistic, since leaving
populations in the wild allows them to continue evolving under real-world conditions with other
organisms (Frankel 1970). However, the greatest risk associated with in situ reserves is the
potential loss of genetic resources through human activities or natural disturbance such as fire
(Ledig et al 1998). Conservation ex situ explicitly focuses on preserving genetic resources by
removing seeds and storing them off-site, but these methods face problems with long-term
funding and the effective cessation of evolutionary adaptation (Ledig 1988). Thus, in situ
conservation using reserves is typically considered the preferred method for protecting forest

ecosystems, although supplemental ex situ methods may also be used (Ledig 1988).

There is a wide range of in situ protection types, including wild stands protected within reserves
and regenerated forests that are managed through monitoring or silviculture practices (Iriondo et
al 2008, Skreppa 2003). There are also myriad definitions for “protected area,” but here I use the
definition from the IUCN: “A clearly defined geographical space, recognized, dedicated and
managed, through legal or other effective means, to achieve the long-term conservation of nature

with associated ecosystem services and cultural values.” The global protected areas network has



experienced explosive growth in the last 50 years, a change that is considered by some to be the
largest intentional change of human land use management in history (Chape et al 2005).
Protected areas now rank among the most significant forms of global land use (Dudley 2008).
Approximately 14% of the global terrestrial area is already protected within reserves, but the
International Union for Conservation of Nature (IUCN) has proposed an increased target of 17%
to be protected by 2020 (Dudley 2008). In Alberta, approximately 12.7% of the terrestrial area is
currently protected within 477 in situ reserves, which are managed by either the federal or

provincial government.

Protected areas encompass a highly diverse range of management goals and protection levels,
which prompted the IUCN to create a framework of management categories. This framework has
become a widely-accepted global standard for the creation and management of reserves (Dudley
2008). The relevant IUCN categories in Alberta include IA — Strict nature reserve, 1B —
Wilderness area, II — Ecosystem conservation and protection, III — Conservation of natural
features, and IV — Conservation through active management (Table 1).

Table 1. Names and definitions of [UCN protected areas classifications (Dudley 2008). Includes
examples found within Alberta.

Category Name Definition Examples in Alberta
1A Strict nature reserve  Strictly protected for biodiversity and/or =~ White Goat
geological features, where human use Wilderness Area,
and impacts are limited and controlled Dinosaur Provincial
Park
IB Wilderness area Large unmodified areas, retaining their Caribou Mountains
natural character and influence Wildland Provincial
Park, Willmore
Wilderness Park
II Ecosystem Large natural areas protecting large-scale Jasper National Park,
conservation and ecological processes with characteristic Castle Provincial
protection species and ecosystems Park
1 Conservation of Protect a specific natural monument Douglas Fir Natural
natural features (landform, geological feature, or living Area, Harper Creek
feature) Natural Area
v Conservation Protect particular species or habitats Twin River Heritage
through active Rangeland Natural
management Area, Black Creek
Heritage Rangeland




Although reserves are a very common conservation tool, much of the global reserve network was
not purposefully designed to efficiently represent all species or to capture all genetic variation.
Instead, many parks were established to protect a small number of highly valuable species or to
preserve otherwise important cultural or geological features. Still others were created ad hoc
when land became opportunistically available for conservation (Lemicux et al 2011, Possingham
et al 2006, Pressey and Tully 1994). Despite the high percentage of land already set aside in
reserves, the global reserve system is still considered incomplete because many species and
genetic populations are not adequately protected (Hannah et al 2007, Margules and Pressey
2000, Brooks et al 2004).

1.7 Gap analysis and systematic reserve design

Incomplete representation can be solved with systematic conservation planning, which aims to
fill gaps in the reserve network by identifying the best areas for comprehensively protecting
representative samples of diversity (Pressey and Cowling 2001, Margules and Pressey 2000,
Possingham et al 2006). Conservation planning relies upon the “three R’s”: representation,
redundancy, and resilience (after Shaffer and Stein 2000). Representation assumes that by
protecting a small amount of all representative species, in this case native tree species, then most
biodiversity is also likely to be protected (Tear et al 2005, Groves et al 2002). Ecosystem
representation is already a cornerstone principle of conservation planning practices in all
Canadian provinces (Lemieux and Scott 2005). Adequate in Situ representation requires that
sufficiently large population sizes be protected, in order to provide a lasting reservoir of the
locally adapted genetic material, to allow for ongoing evolution, and to ensure normal
functioning of mating systems (Aitken et al 2008, Ledig 1986, Sgro et al 2011). This population
size is called minimum viable population (MVP) and is an important consideration when

deciding quantitative representation goals.

Redundancy is a hedging strategy, intended to safeguard against gene loss by protecting each
genetic population within multiple reserves. This ensures continued protection within the overall
population even if a portion of the population is lost (Lemieux et al 2011). Additionally, since no
two genetic populations are ever truly identical, redundancy can provide a supplementary source

of representation (West et al 2009). The final concept, resilience, is the ability of a species to
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persist through adverse environmental conditions, which is directly related to the availability of

adequately diverse genetic resources (Sgro et al 2011, Shaffer and Stein 2000).

The first part of systematic conservation planning is a conservation gap analysis, which consists
of four steps (after Burley 1988). First, target biodiversity features must be identified and their
distributions mapped. Since my focus is on conserving genetic diversity, the relevant target
biodiversity feature is genetic populations at the NSR level (Iriondo et al 2008). Second, the size
and location of existing reserves must also be identified. Third, appropriate quantitative goals for
representation and redundancy are chosen. Finally, these three pieces of information are
compared, i.e. the distribution of target biodiversity features are compared with existing reserve
locations in regards to the set quantitative goals. This identifies the conservation features that

lack adequate protection within the existing reserve network (Dudley 2008).

After completing the gap analysis, the subsequent step of conservation planning is to fill the
identified gaps in a comprehensive manner. There are myriad options for filling gaps, ranging
from creation of new in situ reserves or changing land management practices in areas that
contain target species, to incorporating harvested lands that are dedicated for natural regeneration
(ASRD 2009, Scott et al 1993, Margules and Pressey 2000). Criteria for the creation of new
reserves are likewise dependent upon myriad factors, including exact conservation goals and
availability of land and financial resources. Percentage-based conservation targets, such as the
17% goal suggested by IUCN, are useful for raising public awareness about the need for
conservation; however, they tend to oversimplify the conservation process, in part because
species and genetic diversity is not evenly distributed across landscapes (Svancara et al 2005,
Carwardine et al 2009, Tear et al 2005, Hubbell 1979). The connection between extinction risk
and representation is also unclear, since the exact minimum conservation target requirements for
most species and ecosystems remain unknown (Moilanen et al 2005, Tear et al 2005). Therefore,
in this project I did not set percentage or area-based targets, and instead aim to relevant

conservation gaps through a maximum coverage solution to ensure that all gaps are filled.

10



1.8 Study goals and research questions

The goals of this project are threefold: to identify the genetic populations of Alberta’s native tree
species, to assess the current protection level of each population within the existing protected

areas network, and to investigate one potential method for choosing new reserve locations.
The specific research questions for this project are as follows:

1) Where are the existing conservation gaps? Which subregions and species are the least
represented within the protected areas network?

2) How many genetic populations exist, and how well-protected is each?

3) Based on the location and number of gap populations, which areas of the landscape

would be ideal locations for potential new reserves?

2 Methods

2.1 Study area and data sources

The study area is the province of Alberta, which lies in southwestern Canada and covers
approximately 662,000 km®. It shares borders with the Canadian provinces of Saskatchewan,
British Columbia, the Northwest Territories, and the U.S. state of Montana. Alberta contains a
wide elevational gradient, from 210 m to 3747 m above sea level, and a large latitudinal range,
from the 49" to 60™ parallel, and therefore encompasses a diverse range of climates and
ecosystem types. The Natural Regions Committee has created a vector dataset of its delineations
of Alberta, which includes 6 Natural Regions and 21 Natural Subregions (Downing and
Pettapiece 2006). These areas were modified slightly for this study based on tree species
presence, and were reduced to 5 natural regions and 14 natural sub-regions. The five natural

regions used in this study are Boreal Forest, Rocky Mountain, Foothills, Parkland, and Grassland

(Fig 1).

Boreal Forest Natural Region encompasses over half of the province and is dominated by
wetlands and forests, wherein the most common tree species are lodgepole pine, jack pine,

spruce, and aspen (Downing and Pettapiece 2006). It is divided into 6 NSR: Boreal Subarctic
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(BSA), Central Mixedwood (CM), Dry Mixedwood (DM), Northern Mixedwood (NM), Upper
Boreal Highlands (UBH), and Lower Boreal Highlands (LBH). The Rocky Mountain Natural
Region encompasses the high-altitude regions along the southwestern border, where Engelmann
spruce, subalpine fir, lodgepole pine, and white spruce dominate below the treeline. It is divided
into 3 NSR: Alpine (A), Subalpine (SA), and Montane (M). The Foothills NR is mixed
deciduous and coniferous forests lying between the Rocky Mountain NR and the Boreal Forest
NR, and is largely a transitional biological mix of the species found within these two regions,
e.g. lodgepole pine, aspen, and white spruce. It is divided into 2 NSR: Upper Foothills (UFH)
and Lower Foothills (LFH). The Parkland NSR lies south of the Boreal Forest NR and has an
overall low abundance of trees besides small pockets of aspen-dominated forests. It is divided
into two NSR: Parkland (PKL) and Peace River Parkland (PRP). Finally, the Grassland NR is a
warm and dry prairie habitat in the southeast, which contains few trees. It is therefore not divided
into multiple NSR; however for analysis purposes it is called the Mixedgrass (MG) NSR. The
latter two natural regions are characterized by fertile soils and mild climates, and today they are
intensively farmed and ranched, so little of the native vegetation remains. A final NSR that was
not used in this study, Canadian Shield, is characterized by exposed bedrock and lakes and also
has little vegetation. This area was assimilated into the Northern Mixedwood NSR in the Boreal

Forest NR.

Finally, the seed zone vector dataset was created by the Forest Management Branch of the
Alberta Sustainable Resource Development (2005). There are 90 seed zones within Alberta,
which remain unchanged for this study (Fig 2).
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Figure 1. Map of the 5 Natural Regions and 14 Natural Subregions as used in this study.

Delineations modified slightly from Natural Regions Committee (Downing and Pettapiece
2006).



Figure 2. Delineations of Alberta’s 90 seed zones. Seed zones are not labeled individually, as
names are irrelevant to this study.

I analyzed a total of 14 native tree species (Table 2). Since species distribution information for
Alberta is incomplete, I used species distribution models that were created by Gray and Hamann
(2013). First, they collected species-level forest inventory data for a small proportion of Alberta
using remote sensing. These real data were then compared with ecosystem delineation data, to
establish statistical relationships between environmental predictor variables and percent crown
cover of individual tree species. Using these environmental conditions as proxy, they
extrapolated their statistical models to create full-province species distribution models in raster

dataset form. Distribution models include location as well as frequency information.
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Table 2. Latin name, common name, and species code for each of the fourteen native tree
species included in this study.

Latin name Common name Species code
Abies lasiocarpa (Hook.) Nutt. Subalpine fir ABIELAS
Betula papyrifera Marshall Paper birch BETUPAP
Juniperus scopulorum Sarg. Rocky Mountain juniper ~ JUNISCO
Larix laricina (Du Roi) K. Koch Tamarack LARILAR
Larix lyallii Parl. Subalpine larch LARILYA
Picea engelmannii Parry ex Engelmann spruce PICEENG
Engelm.

Picea glauca (Moench) Voss White spruce PICEGLA
Picea mariana (Mill.) Britton Black spruce PICEMAR
Pinus albicaulis Engelm. Whitebark pine PINUALB
Pinus banksiana Lamb. Jack pine PINUBAN
Pinus contorta Douglas Lodgepole pine PINUCON
Pinus flexilis E. James Limber pine PINUFLE
Populus tremuloides Michx. Trembling aspen POPUTRE
Pseudotsuga menziesii Mirb. Douglas-fir PSEUMEN
Franco

The protected areas vector dataset was created by Alberta Parks (2017). The existing reserve
network of Alberta includes 477 federally and provincially managed reserves (Fig 3). However,
only 260 of these reserves meet IUCN classification criteria IA-V. The remaining 217
“unclassified reserves” do not receive legal protection from future land use change, and I

considered these areas to be unprotected land during analysis.
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Figure 3. Alberta’s reserve system including IUCN classifications. There are a total of 477
existing federal or provincial reserves.

2.2 Conservation gap analysis methods

This thesis uses similar methods to Hamann and Wang (2006), who focused on protecting
commercial tree species in British Columbia. It is also a finer-scale analysis of research initiated
by Russell (2014), who analyzed the native tree species population gaps for the entire western
half of North America. The conservation gap analysis was conducted using GIS software (Esri’s
ArcGIS version 10.4.1 and QGIS 2.12) and R software. Since detailed information regarding
distinct genetic populations is not available, populations were determined using environmental
proxy, specifically by overlaying NSR vector data with raster species distribution models (Gray
and Hamann 2013).
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I set specific minimum protection goals for each population, based on the principles of
representation and redundancy. I initially use the same criteria for all populations, regardless of
rarity. The minimum viable population for trees is at least 5000 mature individuals, which can
typically be found within an area of 10 hectares of cumulative cover (Aitken 2000). Therefore,
my representation criterion states that each individual reserve must encompass at least 10
hectares of cumulative cover of a given population in order to be considered a viable form of
protection. My redundancy criterion is set at 3 separate reserves per population. Populations that
are currently found within zero reserves are considered unprotected, while populations found
within one or two sufficiently-sized reserves are considered insufficiently protected. Once the
populations were mapped and the quantitative goals set, I conducted the conservation gap
analysis by comparing the created genetic population dataset with the existing protected areas

network in ArcGIS.

2.3 Analytical conservation planning with Zonation

Rather than placing a minimum area target or percent target for this project, I aim towards a
maximum coverage situation. This target type maximizes the number of conservation targets met
by locating the areas with highest species representation and landscape connectivity (Moilanen
2007). I used an algorithm-based computer software called Zonation, which calculates a nested
hierarchy of priority for future conservation areas (Moilanen et al 2005). The hierarchy is created
by the iterative removal of landscape units, based on the principle of least marginal loss of
conservation value. Zonation can assess any type of user-chosen conservation feature, whether it

is full-province species distributions or smaller genetic population distributions.

For comparative purposes, three different levels of analysis were run in Zonation: coarse filter,
fine filter, and superfine filter. The coarse filter used full-province species distributions as the
conservation feature. For the fine-filter analysis, each genetic population was treated as its own
conservation feature. For the superfine filter analysis, I further divide each species distribution
map by seed zone, effectively treating all individuals within each seed zone as a genetically
distinct population. The superfine filter was used only for theoretical analysis in Zonation, and

was not used for the conservation gap analysis.
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In the initial analysis, large water features were masked to ensure that results were chosen from
terrestrial areas. In the future conservation planning analysis, existing reserves were also masked
to ensure that results were chosen from unprotected areas. The resolution of my raster species
distribution maps is one square kilometer, which is also the size of the selection units, or cells,
used in the Zonation analysis. Core-area Zonation (CAZ) settings were used, which emphasizes
the highest occurrence levels for each conservation feature individually and ensures that features
in species-poor regions are given equal importance to those in a species-rich areas. This makes

the CAZ setting especially useful for widespread species.

3 Results

3.1 Genetic population gaps

Alberta’s current reserve system protects 14.7% of the total cumulative cover (area*frequency)
of all native tree species. The protection status of each species' genetic populations were
individually analyzed (Figs 4-17). These individual species graphs indicate the percentage of the
total species cumulative cover found within each population, i.e. how the species and its genetic
resources are distributed across the landscape. Since there are 14 NSR, each species can have a
maximum of 14 genetic populations. I identified a total of 97 genetic populations for the 14

native tree species.

Some species are quite localized and exist in only a few NSR (e.g. Rocky Mountain juniper, Fig
7), while others are widely adapted and found in diverse habitats all across the province (e.g.
white spruce, Fig 11). Some genetic populations have highly redundant protection, such as the
CM population of white spruce, which is conserved within 78 protected areas (Fig 11).
However, a number of locally adapted populations do not have any form of representation or
redundancy within the reserve network, e.g. subalpine fir in CM (Fig 4). The latter population

type constitutes some of the highest priority conservation gaps.
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Subalpinefir (Abies lasiocarpa (Hook.) Nutt.)
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Figure 4. Cumulative cover and protection level of individual genetic populations of Abies
lasiocarpa. Plain number above each bar indicates number of protected areas of sufficient size,
and number in parentheses indicates number of reserves that are not of sufficient size. Green
rectangles represent the size of individual protected areas, in descending order by cumulative
cover. Black sections are incidental (created by the presence of many small reserves).
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Figure 5. Cumulative cover and protection level of individual genetic populations of Betula

papyrifera.
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Rocky Mountain juniper (Juniperus scopulorum Sarg.)
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Figure 6. Cumulative cover and protection level of individual genetic populations of Juniperus
scopulorum
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Tamarack (Larix laricina (Du Roi) K. Koch)
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Figure 7. Cumulative cover and protection level of individual genetic populations of Larix
laricina.
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Subalpine larch (Larix lyallii Parl.)
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Figure 8. Cumulative cover and protection level of individual genetic populations of Larix
lyallii.
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Engelmannspruce (Picea engelmannii Parry ex Engelm.)
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Figure 9. Cumulative cover and protection level of individual genetic populations of Picea
engelmannii.
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White spruce (Picea glauca (Moench) Voss)
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Figure 10. Cumulative cover and protection level of individual genetic populations of Picea
glauca.
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Black spruce (Picea mariana (P. Mill.) B.S.P.)
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Figure 11. Cumulative cover and protection level of individual genetic populations of Picea
mariana.
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Whitebark pine (Pinus albicaulis Engelm.)
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Figure 12. Cumulative cover and protection level of individual genetic populations of Pinus
albicaulis.
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Jack pine (Pinus banksiana Lamb.)
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Figure 13.Cumulative cover and protection level of individual genetic populations of Pinus
banksiana.
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Figure 14. Cumulative cover and protection level of individual genetic populations of Pinus

contorta.
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Limber pine (Pinus flexilis Engelm.)

1000 —
a
(7)
E 800 7 E Protected
- 2 O Unprotected
O
o (8)
s} 600 —
3]
)
5
A
I
m 400 4
-
]
g
O
200 —
0
(2)
O_ r T T T T T T T T T T T T 1
no4a & = 3 <0
<% T EE S ¢ EEZEEE G
5 4 (Y a4 5 m

Genetic Population

Figure 15. Cumulative cover and protection level of individual genetic populations of Pinus
flexilis.
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Trembling aspen (Populus tremuloides Michx.)
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Figure 16. Cumulative cover and protection level of individual genetic populations of Populus
tremuloides.
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Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco)
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Figure 17. Cumulative cover and protection level of individual genetic populations of
Pseudotsuga menziesii.

3.2 Determination of true conservation gaps

Individual species graphs show a total of 46 gap populations (Table 3). However, these gap
populations had to be manually inspected to ensure that all are legitimate gap populations, and to
determine which populations are the highest priority for future conservation. There are three
main reasons populations may not actually be gaps or high priority. First, unprotected
populations that contain a very small percentage of the overall species cumulative cover, usually
less than 1%, may be considered low-priority fringe populations. Second, some populations that
do not meet either the redundancy or representation conservation targets may nonetheless be
highly protected in terms of percent cumulative cover. Finally, the species distribution models
are based on statistical predictions, and some areas with low percentages of cumulative cover
may be artifacts of the climate envelope model. Gap populations that meet any of these three
criteria were removed from the list of conservation gaps, which resulted in a more accurate list of

high priority gaps that will be used in future conservation planning (Table 4).
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Table 3. All conservation gaps according to individual species graphs in Section 3.1. Numbers
beneath species names indicate number of missing reserves, which are then totaled under
Reserves needed. Dashes indicate that a population does not exist or is already adequately
protected.
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As a detailed example, the species graph for paper birch shows six gap populations: PKL, PRP,
UFH, BSA, M, and UBH (Fig 5, Table 3). However, paper birch is a very widespread species
with high provincial cumulative cover, and all of its large populations are well protected, while
only the very small populations show as gaps. The first five populations are fringe populations
that do not need to be addressed due to their very small size. Many of these fringe populations
already have some degree of protection; for example, the M population is over 70% protected by
land area, and the UBH population is already protected in two reserves of sufficient size. Thus

the only true gap population is BSA, which requires one additional reserve (Table 4).

BSA has many additional gap populations; since there are only two reserves in this region, the

redundancy criterion can never be met. However, these two reserves are among the largest in the
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province, so some of these gap populations are highly protected by percent cumulative cover.
White spruce, black spruce, lodgepole pine, and trembling aspen each have a gap population in
BSA (Figs 10, 11, 14, 16). However, all four of these populations are at least 50% protected by

the two existing reserves, so all four gaps were removed in Table 4.

Some species have very small distributions within Alberta, which means even small gap
populations must be addressed. The cumulative cover of Rocky Mountain juniper is 307
hectares, and its SA population (73 ha) is a gap with zero reserves (Fig 6). While this population
is much smaller in size than gap populations in other species that are considered low priority, e.g.
the subalpine fir UBH population, the SA population contains 24% of Alberta’s overall juniper
distribution. Therefore this gap is still considered high priority. Subalpine larch likewise has a
small provincial distribution with two populations (Fig 8). The SA population of subalpine larch
does not meet the redundancy criterion; however, it is 36% protected and is therefore not a high
priority. The very small A population of subalpine larch (30 ha) has zero reserves, which is a
higher priority. Because this population is so small, just one further reserve could provide the

required protection.

The two at-risk species, which also have very small distributions, will likely be high priority for
future conservation in practice. Whitebark pine has two gap populations of possible concern, M
and UFH (Fig 12), while its PKL population is a model artifact. In limber pine, the M population
is also technically a gap population, since 8 of its 10 reserves are too small, although they protect
more than 50% of the population (Fig 15). Limber pine’s UFH population is very small, but
represents 1.4% of the overall cumulative cover and could be considered a gap that needs to be

addressed.

Jack pine has just one gap population, in UBH, which is protected by a single reserve that
protects 27% of the population’s cumulative cover (Fig 13). Additional reserves may be
necessary. Another UBH gap population is lodgepole pine, which is also protected by a single
reserve; however, in this case the reserve only protects a small percentage of the population (2%)
(Fig 14). Additional reserves for the lodgepole pine population are therefore of higher priority
than the jack pine gap. Lodgepole pine has two additional gap populations, PKL, which is a gap,
and NM, which is nearly 80% protected within two reserves and may be considered already

protected.

34



The remaining species have either high numbers of artifacts or fringe populations. Subalpine fir
shows populations in DM and PKL, which are outside of its expected actual range and were
removed from analysis, leaving only the CM population as a true gap. Douglas-fir likewise
shows four gap populations, however all are likely model overpredictions (Fig 17). Finally, all
gap populations listed for tamarack and Engelmann spruce are fringe populations, and neither of
these species have true gaps (Fig 7 and Fig 9, respectively). In total, there are 33 populations in
Table 3 that were removed because they are fringe populations, are already highly protected by
percent cumulative cover, or are model artifacts. These removals mean there are 13 high priority
conservation gaps remaining (Table 4).

Table 4. High priority conservation gaps that are not fringe populations, model artifacts, or
otherwise already protected. Numbers beneath species indicate number of missing reserves,

which are totaled under Reserves needed. Dashes indicate that a population does not exist or is
already adequately protected. Reference number is used in Figure X in section X below.
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3.3 Comparative analysis among species

The four most abundant species by cumulative cover are trembling aspen, black spruce, white
spruce, and lodgepole pine. The three least abundant species, each with less than 13,000 hectares
of cumulative cover, are limber pine, subalpine larch, and Rocky Mountain juniper (Fig 18). In

general, the more abundant a species is, the more genetic populations it has. For example, each
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of the four most abundant species have 12 or 13 populations, with aspen and white spruce having
the greatest number of populations. Meanwhile, the three least abundant species have just two or
three populations each. Two notable exceptions are jack pine and Douglas-fir, which have fewer

populations than other similarly-sized species.
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Figure 18. Comparing number of genetic populations with total cumulative cover (shown in
logarithmic scale) per individual species. Genetic populations are defined as all individuals of a
species living in a single NSR. Number of populations was calculated after determining true
populations, including fringe populations (see Section 3.2). Species are listed in descending
order of total cumulative cover.

After removal of false conservation gaps, I found that four species are fully protected: black
spruce, tamarack, Engelmann spruce, and Douglas-fir. The remaining 10 species all have at least
one population that requires further protection. The majority of species have at least 75% of their
populations protected, but the four least-abundant species are each only 50-66% protected (Fig
19).
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Figure 19. Proportion of protected and unprotected genetic populations within individual
species. Genetic populations are defined as all individuals of a species living in a single
NSR. Number of populations was calculated after determining true populations and does
not include fringe populations (see Section 3.2).

3.4 Conservation gaps by NSR

The NSR with the highest species diversities are SA and M (n= 12 and 11 respectively, Fig 20).
Mixedgrass (MG) does not have any sustained tree populations and is omitted from further
analysis. There are large differences in percentage of land protected among the NSR (Fig 21).
The two highest protected NSR by land area are A and SA (85% and 53% respectively). Seven
NSR have less than 7% protection by land area, and many of these poorly protected NSR still
have gaps; for example, UFH has 21 reserves protecting 3% of its land area, but two of its
populations remain unprotected. However, a low percentage of protected land does not
necessarily mean poor species protection. For example, Dry Mixedwood has 91 reserves that

protect just 1.6% of its land area, and all of its genetic populations are adequately protected.
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There are five NSR with fewer than ten reserves each: NM, LBH, BSA, UBH, and PRP. The first
two NSR nonetheless protect all genetic populations, while the latter three have gap populations.
Some of these NSR have reserves that are quite large, e.g. the aforementioned BSA which has

two reserves protecting 49% of its land area. In total, there are four NSR that do not require any

new reserves: DM, LFH, NM, and LBH.
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Figure 20. Number of protected and unprotected populations per NSR. Datapoint size is
proportional to the total size of NSR in cumulative cover (ha). MG not shown, as it does not have
any populations.
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Figure 21. Total and protected area comparison for individual natural sub-regions. Datapoint
size is proportional to the number of reserves in each NSR. Datapoint color indicates the
percentage of populations protected. MG not shown.

3.5 Zonation results and comparison of filters

The initial Zonation assessment included all fourteen species, regardless of gap status, and
included analysis at the coarse, fine, and superfine filter levels. This shows the distribution
differences that arise when varying sizes of conservation features are chosen (Figs 22, 24, 26).
Additional graphs created during each run of Zonation are the species performance curves (Figs
23, 25, 27), which show the amount of conservation feature distribution remaining after a given
proportion of the landscape is removed. Typical outputs show only the values for worst-off and
average species (e.g. Fig 25); however, individual values are calculated for each conservation

feature used (Fig 23).

The coarse filter result, analyzing the 14 full-province distributions, shows large and densely
clustered patches of high priority, with the UFH, LBH, CM and NM being the most favored
NSR. Certain NSR have an overall low priority ranking in this analysis, including PKL and PRP.
The fine filter result, which used genetic populations based on NSR proxy as conservation

features, divided the highest priority rankings into a more evenly distributed result with smaller
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patches. UFH and NM remained favored NSR, but other areas increased in rank, such as BSA
and UBH. Some NSR that did not have any cells with high priority in the coarse filter result had
higher priority results in the fine filter result, most notably PKL in the southeast. Finally, the
superfine filter further decreased the clump size and increased the distribution of highly-ranked
cells. In this result, high priority rankings are generally small hotspots that are relatively evenly
distributed across the province. The greatest differences between fine and superfine filters can be
seen in the center of the province, e.g. NM and CM, UFH and LFH. High priority cells show up
in all 13 relevant NSR in the superfine filter result. Since a reserve network with fairly even
distribution across the province is most likely to capture the greatest range of genetic diversity, I
will use the superfine filter results to advise my choices for future additions to the reserve

network.

40



% Priority Rank
0-50
50-60
60-70

I 70-80

Bl 80-90

Bl 90-100

Figure 22. Graphical results of coarse filter
Zonation analysis, with large water
features masked from analysis (shown in
white). Zonation results provide nested
hierarchies of priority, with discrete colors
outlined in 10% increments. Everything
ranked below 50% priority is shown in
grey, a section that also includes
landscapes unforested by the species of

concern.
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land required to protect a given amount of a
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for all species.
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3.6 Reserve design de Novo versus existing reserve system

Comparison of Zonation results with existing reserve locations shows the effectiveness of the
current reserve system in terms of genetic conservation (Fig 28). Some priority hotspot areas are
adequately covered, e.g. Wood Buffalo National Park and the adjacent Caribou Mountains
Wildland in the northeast collectively cover many high-priority areas across five NSR. However,
in other areas, the existing reserve network and conservation priority areas are not aligned. The
high concentration of reserves in the Rocky Mountain Natural Region means this area is well-
protected, although Zonation results suggest that much of this region is not necessarily high
priority for genetic conservation since much of the high altitude area is unforested. Many high-
priority areas lie entirely outside the reserve network, including concentrated hotspots along the
lower-altitude regions near the Rocky Mountains and the boreal forests in the northwestern
quadrant of the province. These small and scattered hotspot gaps outside the reserve network are

the areas where I will concentrate my suggestions for future reserve selection.
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Figure 28. Comparison of existing reserve system, shown in black hashed polygons,
superimposed over the top priority of fine-filter Zonation results, shown in magenta. Existing
reserve system protects 12.7% of total land area, therefore the top 12.7% of Zonation results are
shown. Remaining grey areas are either unforested or fall below the 12.7% priority threshold.

3.7 Options for filling gaps

Once I chose the superfine filter for future reserve design, I performed a second Zonation
analysis wherein I used only the true gap populations and masked the existing IUCN-ranked
reserves from analysis (Fig 29). Removing existing reserves reassigned the high-priority areas
that are already protected (Fig 26) to unprotected areas outside the reserve system, which allows
for more accurate selection of future reserve locations. This Zonation analysis was used to

identify potential future reserve areas for filling the most urgent gap locations (Table 4).
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The five natural sub-regions with only one gap species are most straightforward for future
reserve selection, because any high priority cell in Zonation must contain that gap population.
Examples include CM (reference number 4 in Table 4 and Fig 29) and SA (6). The four NSR
with two gap populations provide more of a challenge, since the distributions of both gap
populations must be considered. When both species are found in the same locations, filling gaps
is simpler, because a single new reserve could protect both gap species and fewer total new
reserves may be required, e.g. PKL and M. In situations where the two species distributions do
not overlap, separate reserves must be chosen to protect each species individually. For example,
the two at-risk species both have conservation gaps in UFH (1), but their ranges do not overlap
according to the model predictions. Two suggestions for future reserve locations are indicated:
the northerly selection shows a possible reserve location for whitebark pine, while the southerly
selection is a possible reserve location for limber pine. A similar situation occurs in UBH (3), in
which jack pine (3a) and lodgepole pine (3b) distributions are completely isolated. In this type of
NSR with non-overlapping gap population distributions, a greater number of reserves will need

to be created (n=5 for UFH and n=4 for UBH, Table 4).

Tree distribution and abundance also play a role in the creation of new reserves. BSA has just
one gap population, paper birch, which is a widespread species that is found across nearly the
entire sub-region. A new reserve may be chosen from nearly any location in this region; if the
chosen area is not available for conservation use, another nearby area may be substituted. A
contrasting example is PKL, in which tree distributions occur in very small patches. PKL has
two gap populations, white spruce and lodgepole pine, and some of their distributions do overlap
according to model predictions, including the high-priority cells shown in the PKL inset graph
(Fig 29). However, these cells are much more fragmented and scattered across the landscape. In
this area, if a chosen location is not available for conservation use, there may not be a suitable

alternative.

There are also situations where only part of the gap species populations overlap, for example in
M (5). The indicated new reserve location shows the only area where whitebark pine and limber
pine distributions are predicted to overlap. Placing a reserve in this location would fill the one

reserve requirement for limber pine, but a second reserve is required to fill the whitebark pine
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gap. Correct placement of reserves could mean only two new reserves are needed instead of three

(Table 4).
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Figure 29. Potential options for new reserve selection using superfine Zonation analysis, which
includes only gap populations excludes all [UCN-ranked reserves (shown in white). Numbers
indicate specific NSR-based gaps that must be filled, in correlation with reference number in
Table 4: UFH (1), PKL (2), UBH (3), CM (4), M (5), SA (6), A (7), PRP (8), BSA (9) . NSR
lines not shown in overview map to increase clarity of Zonation result locations. Priority rank
colors differ from other Zonation results due to low percentage of land covered by gap
populations.
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4 Discussion

4.1 Conservation gap analysis

This relationship between abundance and level of genetic diversity depends upon a species’
distribution. The four most common species have the highest numbers of genetic populations due
to their widespread distributions. These species are found in a vast range of environmental
conditions, suggesting that these species have a broad array of available genetic resources that
allowed many locally-adapted populations to form (e.g. Silen 1978). However, three of the four
species have at least one gap population, and these gaps must be filled in order to retain high
genetic richness and ecosystem resilience (Whitham et al 2006, Reusch et al 2005). In contrast,
the four least-abundant species with small range size and few populations are whitebark pine,
limber pine, subalpine larch, and Rocky Mountain juniper. These species have very restricted
geographical ranges, which may be a sign of already reduced genetic variation. All conservation
gaps for these species must be addressed, no matter how small, because species with both a small
range and low regional abundance are likely at the highest risk for extinction (Johnson 1998).
There is some evidence that most species become extinct before reduction in genetic resources
can have a negative impact (Lande 1998); however, further studies have found that genetic
diversity is typically lower in threatened species than closely related non-threatened species,

indicating that the latter have lower evolutionary potential and reproductive fitness (e.g.

Spielman et al 2004).

An interesting case regarding abundance is that of jack pine, which is the fifth most abundant
species but has just 6 genetic populations, as compared to the 12 or 13 populations found within
the four more abundant species. According to my analysis jack pine has the same number of
genetic populations as subalpine fir, which is notable since jack pine has 1.47 million ha of
cumulative cover while subalpine fir has 314,000 ha. Thus, while subalpine fir could be
considered only a semi-abundant species and jack pine abundant, my results suggest that these
species may have comparable levels of genetic diversity, meaning they may be at equal risk of
extinction. Range size and abundance may play an equally important role in the amount of

intraspecific genetic diversity and extinction risk.
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Globally, protected areas are commonly located in marginal habitats which have the least value
for commercial land uses (e.g. production or resource extraction), such as high alpine areas and
those with low-production soils (Aycrigg et al 2013). Canada’s first four national parks were
placed in the high-altitude regions of the Rocky Mountains, including in Alberta, and today its
Rocky Mountain NSR are highly protected (Alberta Parks 2017). However, Zonation results
indicate that the high-altitude sections of these national parks may not be valuable reservoirs of
genetic variation (Fig 26). Protecting populations on marginal sites means that their gene pool
may not include all the alleles characteristic of populations that live on the best sites, so it is
necessary to ensure that sample populations on land of high site quality are also protected (Ledig
1986). In contrast, the mild climate and fertile soils of the Grassland and Parkland natural
regions have led to intensive land use and low percentages of protected land, which is
detrimental to the ecosystems that were once abundant in these regions (Lemieux et al 2011). In
areas such as these it may be more difficult to locate available land that contains target native
tree species, but from a genetic variation standpoint it is important to ensure that these areas are

protected.

4.2 Future reserve size

Conservation planning often aims towards creating large and widely-spaced reserves, to
accommodate endangered faunal species that have large spatial requirements (Franklin 1993).
However, trees have different spatial requirements due to their sessile nature and typically short-
range reproduction and dispersal mechanisms, which include wind-dispersed pollen and seeds
that fall close to the parent plant (Howe and Smallwood 1982). Populations are also highly
susceptible to disturbance, and post-disturbance ecosystems depend upon recolonization from
other nearby populations. Isolated tree populations generally have lower survival rates than
partially connected populations, and if there is no adjacent source of immigrants, species
collapse can be rapid (Fahrig and Merriam 1985, Wilcox and Murphy 1985). Thus, trees may be
better protected by a network of smaller and more closely-spaced reserves than by larger, more
isolated reserves. Smaller protected areas are also useful for fulfilling representation gaps in
highly developed areas, where opportunities to establish large protected areas are limited, e.g. the

intensively-farmed land in the Parkland region (Lemieux et al 2011).
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One general argument against the use of small protected areas is that they protect small
populations, which are considered to be more vulnerable to extinction due to environmental
stochastity or detrimental effects from increased genetic drift (Shaffer 1981, Frankham 1996).
The effects of habitat fragmentation are well documented, including possible disruption of
ecological and evolutionary processes, reduction in biodiversity, and exposure to edge effects
(Hamrick 2004, Wilcox et al 1985, Murcia 1995). However, temperate tree species are thought
to be fairly resilient to habitat fragmentation due to their broad distributions and dispersal
abilities that allow for quick recolonization following disturbance (Wilcove et al 1986, Brown
and Kodric-Brown, 1977). Trees are not as vulnerable to edge effects as other plants, and are
capable of persisting in very small areas such as residential lawns and city parks as long as the
environmental conditions are suitable (Wilcove et al 1986). Therefore the negative effects of
protecting small populations may be countered by the benefits of having increased numbers of

nearby populations.

A final important note is that the biodiversity of smaller forest taxa may still be negatively
impacted by the increased edge effects of the small reserve strategy, and larger reserves may be
the most beneficial solution for the health of forest ecosystems as a whole. Some existing
reserves are quite large, e.g. Wood Buffalo National Park, which at 3.6 million hectares is larger
than half of all individual natural sub-regions. Some large parks were created before the 1920s
(Jasper, Banff, Wood Buffalo National Parks); however, many others were created in the 1990s
and 2000s, with the most recent being established in early 2017 (Castle Provincial Park; 25,500
ha)(Alberta Parks 2017). While creation of large reserves may be more difficult and costly, it is
still a possibility that may need to be considered in natural sub-regions that have low overall

protection such as PKL.

4.3 Potential new reserve locations

The NSR gap analysis shows that there are many options for filling Alberta’s conservation gaps
and completing the reserve network, and that many factors should be considered when creating
new reserves (Figs 21, 29). A small number of large reserves can be effective as long as they are
appropriately placed; for example, NM has just six large reserves that protect all seven
populations. If creation of large reserves is not feasible, for example in locations with sparse tree

distributions or reduced availability of land for conservation use, it may be just as effective to
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use numerous small reserves. DM has 91 reserves that protect 2% of its land area and all of its
genetic populations. However, when using small reserves, accurate placement is critical. The
detrimental effects of improper reserve placement can be seen in PKL, which has 33 reserves

protecting 1% of its land area but still has two gap populations.

Spacing is also a key component for genetic conservation in trees. Encompassing a broad range
of physical characteristics within a reserve network helps increase the resilience of the entire
system, and this is most likely to succeed if new reserves are widely and evenly distributed
across the landscape (Lemicux et al 2011). Future reserve selection should be based on gap
population distributions, but they should also be carefully placed at appropriate distances from
each other to maintain gene flow and recolonization capabilities between adjacent populations
both within and among NSR. This is where the superfine filter analysis in Zonation is relevant.
Although the seed zones used in the superfine filter are too fine to be used as a genetic proxy

(Liepe et al 2016), seed zones divide the landscape into many evenly-distributed parcels.

The most urgent conservation gaps are the 13 species listed in Table 4, which should be
addressed first. The highest priority should be given to “core” areas wherein a population is most
abundant (ASRD 2009). It is also important to conserve populations on the edges of the species
or population range (Ledig 1986, ASRD 2009). Once the 13 high priority gaps have been
addressed, there are a number of lower-priority fringe populations that could also be considered
for further protection, as shown in Results Section 3.2. In widespread populations that require
more than one reserve, it may also be prudent to protect edge populations in addition to high
abundance areas. The paper birch BSA population is one such area where this approach could

work.

The potential reserve locations shown in Figure 30 are just a few of the myriad possibilities for
future reserve placement. An additional option could be to use the superfine Zonation analysis
that includes all species regardless of gap population status (Fig 26), which may improve
representation for non-gap genetic populations. Increased representation is the ideal situation
even if the minimum conservation criteria have already been met. One common cost-effective
strategy for creation of new reserves is to place high priority on protecting biodiversity hotspots,

or regions with high overall diversity (Myers et al 2000). This approach is useful for filling
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multiple conservation gaps at once, while also potentially increasing representation for other
already adequately protected species. However, the hotspot method may ignore gap species that
exist in species-poor areas, which is the case in almost half of the NSR with gap populations
(Scott et al 1993). Therefore I recommended employing the biodiversity hotspot method where
possible and appropriate, but it is also critical to ensure that gap species in areas with low species

richness are not overlooked (Fig 29).

A specific suggestion for future conservation could be to utilize the 217 protected areas that are
not IUCN-classified, i.e. by changing the laws and land management practices. Assigning legal
protection against future land use change would increase the likelihood of longer-term
population protection. Another possibility to increase representation is to encourage management
of multiple-use land, in which the land is permanently protected and has emphasis on
maintaining biodiversity, but also allows for resource extraction such as logging and mining
(Aycrigg et al 2013). Gene conservation can also be incorporated into timber harvesting
practices, for example by regeneration with seed from in situ populations or through tree
improvement programs (Ledig 1988). Finally, it is possible to use existing reserves as a focal
point around which additional reserves may be placed, or even to expand the existing reserves

themselves (Margules and Pressey 2000).

4.4 Caveats of analysis

Analyzing populations on a case-by-case shows that while the minimum conservation targets are
adequate for most populations, other populations may require different criteria. A clear example
is Boreal Subarctic, where the two extremely large reserves adequately protect four of its five
populations even though the redundancy criterion cannot be met. However, other population
classifications were less clear, especially among very small or very large populations. Jack pine’s
UBH population is considered a gap even though it constitutes a small percentage of the overall
species distribution (4%) and is 27% protected by one reserve. A potential solution is to use
scaled requirements, i.e. basing the minimum conservation criteria on the size of a population.
For example, the ASRD (2009) recommends using two reserves in seed zones that are smaller

than 0.5 million ha, which could be adapted for use in this project.
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Another analysis caveat is that species distribution models are predictions, and largely have not
been ground-truthed. Therefore, some of the gap species that were removed from the list of high
priority due to being presumed model artifacts or fringe populations may actually be legitimate
gap populations (Table 3, Table 4). The Mixedgrass NSR is a relevant example, since it was the
fourth highest NSR gap in Table 3 but was entirely absent from Table 4 after all of its
populations were labeled as fringe populations or model artifacts. The same may be true at the
species level, e.g. Douglas-fir. This exclusion is important when considering the potential value
of preserving samples from the edges of a species’ range, since unusual habitats may contain

individuals adapted to unique or extreme environmental conditions (Ledig 1986).

Populations in the parkland NSR (PKL and PRP) typically represent a very small percentage of
the overall cumulative cover, especially for widespread species such as paper birch, and were
considered fringe populations that were omitted from the list of high priority gaps. However, the
warm and dry Parkland regions may represent a unique genotype among these species that
should be conserved for future use. This is especially critical for the small pockets of aspen-
dominated boreal forests found in the Canadian prairies, including in Alberta’s Parkland region,
which have declined in recent years due to land use change and environmental change including
drought (Young et al 2006, Hogg et al 2008). The Parkland area may benefit from ground-
truthing or further finer-scale analysis, especially since this NSR is among the province’s least-

protected in terms of percent land area.

A final note is that Alberta does not exist in a biological vacuum, but is rather a landlocked
province surrounded on all sides by dynamic tree populations, including many of the same
species. These populations have the potential to migrate into Alberta or to share genetic material.
It is also possible that populations existing on the edges of the province may be listed as rare or
gap populations, when in fact that genetic population receives adequate protection in a different
state or province (e.g. Russell 2014). These satellite populations should be kept in mind while

prioritizing the most urgent conservation gaps.

4.5 Further notes: climate change

This project does not address the effect that anthropogenic climate change will have on Alberta’s

native tree species, but it is another important consideration when choosing new reserve
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locations. In Canada, populations of black spruce, white spruce, aspen, and tamarack are among
the species that will be most heavily affected by climate variation, as well as jack pine in Alberta
(Gray and Hamann 2013, Russel 2014). While high genetic diversity may not always be critical
for maintaining ecosystem processes under relatively stable environmental conditions, the ability
to adapt becomes much more important when populations face pressure from rapid climate
change (Loreau et al 2001). Changing climates also cause range shifts, meaning species may
migrate out of protected areas, which reduces the effectiveness of fixed existing reserves (Araujo
et al 2004). Additionally, creating a new reserve to fill a conservation gap will not be effective if
the local environmental conditions will soon shift to become an inhospitable habitat for the
targeted population. This creates an additional step for conservation planning, since it is more
cost-effective and timely to account for the possibility of shifting ranges before creating new

protected areas (Hannah 2007).

Climate change prediction models are one method for testing the effectiveness of new reserves
before they are created. In a brief example, I apply the Velocity WNA climate data from Hamann
et al (2015) to my Zonation results. I use mean annual temperature result for 2050s, which is
based on the A1B emissions scenario. Climate change velocity determines how fast organisms
must migrate to keep pace with a changing climate. Two types of climate change velocity are
forward velocity, or the minimum distance an organism must migrate to maintain similar
climactic conditions, and reverse velocity, which identifies the distance from which appropriate
genetic variants may be sourced to allow a population to survive under future conditions. High
forward velocity is typical of flat areas, especially those at high elevation, and indicates that trees
have no suitable climate refuges nearby (Loarie et al 2009). High reverse velocity occurs in
geographically isolated regions, such as valley floors between mountains, where organisms
would have to migrate long distances to reach analogous habitat conditions (Hamann et al 2015).
Therefore both types of velocity have value for conservation planning: forward helps determine
suitable reserve locations under future ecosystem change, and reverse may be useful in assisted

migration for rare species (Richardson et al 2009).

An example from this analysis is the transitional mid- to high-altitude region of the Foothills and
Rocky Mountain natural regions (Fig 30). The eastern portion of this region lies in the southern

foothills, which has gradual elevational changes between the flat grasslands and the mountains,
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while the Rocky Mountain region to the west is characterized by steep elevational gradients that
are associated with large temperature change gradients (Loarie et al 2009). Superfine Zonation
results overlaid with both forward and reverse velocity predictions may help conservation
planners choose locations that will remain effective conservation areas under climate change, i.e.
which locations may serve as climate refugia and provide trees with relatively stable conditions.
The populations currently located in the foothills region have greater forward velocities and face
greater difficulty adapting to new conditions than those in the mountainous region, which have
smaller forward velocities and little difficulty adapting to new climate conditions (Hamann et al

2015).

Placing new reserves at higher elevations, possibly even above the current distributions of target
species, would be a potential solution that would allow for future conservation as populations
migrate upslope. However, mountain or hill peaks provide the same challenges as flat regions,
namely that once populations reach the tops of mountain peaks, they may no longer have
anywhere else to migrate, e.g. the darkest regions in the forward velocity scenario (Fig 30 A,
Hamann et al 2015). If trees no longer have any nearby suitable climate matches, in Situ reserves
become an ineffective conservation method, and seed collection for ex Situ conservation is the

more worthwhile effort (Ledig 1988).
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A) Forward velocity

Figure 30. Superfine filter Zonation results using gap populations only (left), combined with
multivariate forward (A) and reverse (B) velocity calculations, from current to projected climate
change conditions and vice versa (from Hamann et al 2015). Forward climate change velocity
indicates how far a population must migrate to keep pace with climate change, with darker areas
requiring greater migration distance. Reverse climate change velocity indicates the difficulty for
immigrating plant populations to colonize and adapt to new climate conditions in Situ, with
darker areas indicating greater difficulty.

Climate change may actually cause some species currently not found in Canada to migrate north,
bringing an influx of new genetic variants or tree species from the continental United States that
could increase Alberta’s biodiversity (Malcolm et al 2004, McKenney et al 2007). Climate

change will likely change the representation within the existing reserve network, and is an
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important consideration when planning a systematic reserve system. However, starting with high
representation of Alberta’s native tree species will help provide a genetic foundation for climate
change adaptation. Physiological characteristics of the land such as geology and surficial
substrates will remain largely stable despite climate change, so basing representation upon
ecological delineations will remain a cornerstone method for the design of protected area

networks (Lemieux et al 2011).

5 Conclusion

Comprehensively conserving the genetic resources of Alberta’s native tree species may provide
species with inherent resilience to anthropogenic and environmental stochastity, thereby
reducing their extinction risk. In this study, I focus on protecting the genetic diversity found
within native tree species of Alberta. I place equal importance on both common and rare species,
because common species promote ecosystem functioning while rare species may promote
species richness. Both common and rare species are susceptible to extinction, especially those
with already low genetic diversity. Protecting the resilience of trees may also help protect the
forest ecosystem as a whole, including the smaller faunal and vegetative species biodiversity

found within.

This project provides a baseline understanding of the conservation status of Alberta’s native tree
species and their genetic diversity, by conducting a conservation gap analysis to identify the
genetic populations that are inadequately protected by Alberta’s current reserve network. Out of
97 genetic populations, there are 13 populations that are high priority for future conservation.
Analysis using the conservation planning software Zonation provides a possible starting point for
filling the conservation gaps in the provincial reserve network, by identifying the highest priority
locations for future reserves based on tree distributions and gap populations. Many factors must
be considered when filling conservation gaps, including population size and range distribution of
target species, appropriate spacing between reserves, ideal size of reserves based on tree life

histories, and climate change.
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The forces driving biodiversity loss are continuous, so it is imperative to design and implement
expansions to the reserve system with as much haste as possible (Pressey and Cowling 2001). By
quickly identifying and filling conservation gaps for Alberta’s genetic resources, we may be able
to improve both the individual species’ and overall forest ecosystem’s inherent resilience against

ecosystem change.
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