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Abstract

Human land use and climate change can contribute to cumulative effects, which are the
collective impacts from environmental and anthropogenic processes over space and time.
Exploring the cumulative effects of landscape and climate change together is important for
identifying potential interactions, assessing their relative influence, determining the spatial
extents of their influence, and understanding their potential impact on populations. Landscape
alterations from human land use can improve, degrade, or leave unaffected habitat quality for
species populations. Modern landscapes often have multiple land uses, creating the potential for
cumulative effects, particularly for wide-ranging animals that are likely to encounter multiple
land use and human infrastructure. In the Canadian prairies, grassland loss and degradation,
primarily from agriculture, are thought to be responsible for the decline of many species,
including grassland birds. Energy development infrastructure and sensory disturbance can further
degrade habitat and negatively affect certain wildlife populations. Climate change in this region
is expected to increase seasonal temperatures, decrease precipitation during the summer, and
increase the frequency and severity of storms. Changing climate is also a dominant driver of
populations, sometimes more so than habitat loss. My overall objective is to evaluate how the
cumulative effects of landscape, seasonal weather, and climate change influence Ferruginous
Hawk (Buteo regalis) habitat use, reproduction, and simulations of overall population
demography. My study was conducted in the grassland biome located in southern Alberta and
Saskatchewan where the human footprint from multiple land uses is extensive and where climate
change is altering weather patterns. I found that heterogeneous landscapes with moderate
amounts of cropland and grassland, and moderate edge density were predictors of higher home

range habitat selection, relative nest abundance, and nest survival. Climate and seasonal weather
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were also predictors of home range habitat selection and reproductive performance. High
densities of active oil wells were negatively associated with nest survival, while density of active
gas wells was positively associated. Seasonal weather was also a strong predictor of nest survival
and brood provisioning. Seasonal weather influenced prey diversity, and hawks that delivered
more diverse prey were more likely to return more biomass compared to hawks that deliver only
Richardson’s Ground Squirrels (Urocitellus richardsonii). We used our habitat and reproduction
models to develop predictive maps that could be used for prioritizing conservation and
identifying avoidance zones for development to reduce risk to Ferruginous Hawk. Our spatially-
explicit population model demonstrated that land cover change has a greater relative influence on
the Ferruginous Hawk population in Canada compared to climate change, given the scenarios we
simulated. Ferruginous Hawks are a species at risk and face multiple threats. Understanding the
influence of each threat, their cumulative risk, and their relative influence on the species, over
space and time, is critical for developing conservation and recovery plans. My thesis contributes
to the research of cumulative effects of landscape and climate change on breeding Ferruginous
Hawks and demonstrates the utility of a cumulative effects approach for population conservation

and recovery.
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Chapter 1: General Introduction

Cumulative effects and habitat quality

Assessing habitat quality by linking demographic variables to habitat use is fundamental
to understanding species-habitat relationships, population persistence, and species conservation
(Hall et al. 1997, Franklin et al. 2000, Johnson 2007). Solely focusing on species occurrence and
abundance, however, can be a misleading measure of habitat quality because performance
measures, such as survival and reproduction, may not be correlated to density (Van Horne 1983),
particularly in systems that have undergone human-mediated landscape change (Bock and Jones

2004).

Habitat loss and degradation from human land use are often cited as leading causes of
species population decline (Fahrig 1997, Hoekstra et al. 2005, Johnson 2007). Identifying the
biotic and abiotic components of species’ habitat, and which factors degrade its quality, are
crucial steps for habitat conservation for species. Understanding factors that influence habitat

quality is more urgent for species at risk in human-modified landscapes.

Wildlife can be exposed to multiple stressors that result from drivers such as human
activities and climate change (Maxwell et al. 2013). Assessing cumulative effects, which are the
collective impacts that result from environmental and anthropogenic processes over space and
time (Krausman 2011), is important for evaluating cumulative risk to wildlife populations.
Multiple drivers can act concurrently and their effects sum to a total combined impact (i.e.,

additive cumulative effects). However, individual or multiple drivers can also interact, often



unpredictably, and result in a total effect greater or less than their basic sum (i.e., synergistic
cumulative effects). Whenever possible, wildlife studies conducted at large spatial extents or
evaluating population-level research should use a cumulative effects approach to assess drivers

as single and cumulative effects.

At a minimum, a cumulative effects approach can identify and control for factors that
influence species’ responses and improve parameter estimation for the factors of interest.
Understanding how cumulative effects can interact also provides much-needed context for
species’ response in their variable environment. Evaluating interactive effects is particularly
important for mensurative studies conducted on wide-ranging animals because the animals are
likely to encounter multiple stressors that vary in level over a large spatial extent. A cumulative
effects approach can also provide insight into the relative influence of each driver. In turn, this
can help managers prioritize actions for conservation and recovery of species at risk. This
approach can also identify interactions that are difficult to predict when drivers are studied as
single factors. This field of study is relevant and urgent because human-induced rapid
environmental change (Sih et al. 2011) can result in complex cumulative effects across

landscapes and on wildlife populations (Theobald et al. 1997, Hodgson and Halpern 2018).

Cumulative effects can interact, resulting in unpredictable effects on wildlife populations
(Darling and Co6té 2008). The case of boreal woodland caribou (Rangifer tarandus) is an
important example for the importance of taking a cumulative effects approach, as single factor
studies were insufficient in identifying the multiple interacting factors that resulted in observed
population declines (reviewed by Sorensen et al. 2008, Hervieux et al. 2013). Early research on
caribou populations focused on the effects of habitat loss and fragmentation (Chubbs et al. 1993,

Smith et al. 2000). However, studies acknowledge the synergistic relationships among linear



features, predators, and co-occurring ungulate populations that influence caribou populations
more than the independent effects of habitat change (Latham et al. 2011a, Latham et al. 2011b).
The decline of boreal caribou is a commonly cited example of ‘death by a thousand cuts’ because
the synergistic cumulative effect is greater than the human footprint alone. Quantifying
cumulative effects is challenging, but a cumulative effects approach can improve the prediction
of ecological change and ideally improving conservation outcomes (Sutherland et al. 2006,

Darling and Coté 2008).

Cumulative effects can influence wildlife populations through different components of
their full annual cycle. In the grasslands, a classic example of additive cumulative effects are the
impacts of oil and gas development on Greater Sage-Grouse (Centrocercus urophasianus
urophasianus) populations (reviewed by Naugle et al. 2011). Several populations of Sage-
Grouse have been studied in detail at multiple spatial scales and across large portions of their
range. Oil and gas development negatively affects multiple components of the Sage-Grouse’s
full annual cycle, including lekking, nesting, brood-rearing, and winter habitat use. The
extensive, detailed study of Sage-Grouse ecology, throughout their full annual cycle, was able to
identify how the combination of additive effects has contributed to the decline of sage-grouse
populations (Naugle et al. 2011). Subsequent to this, other species conservation and recovery

plans have also taken a cumulative effects approach across the species’ full annual cycle.

Cumulative effects can manifest at multiple spatial scales, including over large spatial
extents. Of greatest concern is when cumulative effects occur over a large spatial extent, as
incremental effects spread over a large spatial area can collectively affect many individuals in a
population or even multiple populations (Coates et al. 2014b, Gibson et al. 2018). Assessment of

a driver or stressors’ cumulative effects should quantify impacts to the affected population to



predict overall population change. Some types of human development can occur over large
spatial extents and, if associated with a negative impact to wildlife, result in a large zone of
influence despite a relatively small human footprint. For example, transmission lines are
positively associated with Common Raven (Corvus corax) occurrence (Kristan and Boarman
2007, Coates et al. 2014a, Coates et al. 2014b, Howe et al. 2014) and this association has
negative impacts to Sage-Grouse (Gibson et al. 2018) and desert tortoises (Gopherus agassizii)
(Boarman 2003). A transmission line can stretch for hundreds of kilometres and result in a
large cumulative effect because its zone of influence can impact wildlife occurring along its
entire length. Similarly, natural gas development in Wyoming has a potentially large
cumulative effect on pronghorn (Antilocapra americana) because pronghorn avoid the
associated footprint (Beckmann et al. 2012). As a result, large gas fields are a significant loss of
habitat for a large number of pronghorn even though the individual wells and associated footprint
are quite small. When possible, a cumulative effects approach should consider the spatial extent
that is impacted because even a small effect over a large area can result in a large overall impact

to wildlife populations.

Cumulative effects should be evaluated at multiple spatial and temporal scales. Short-
and long-term implications may differ at the individual and population level. Climate change can
potentially impact wildlife over relatively short time-periods at local regional scales because
weather patterns occur at those scales (Fisher et al. 2015, Shank and Bayne 2015). Climate
change can also affect species over long time-periods and large spatial extents. For example,
species distributions of white-tailed deer (Odocoileus virginianus) (Dawe et al. 2014, Dawe and
Boutin 2016) and wolverine (Gulo gulo) (Heim et al. 2017) are also influenced by long-term

climate change. Long-distance migrants have been affected by climate change, where changing



phenology has impacted the timing of food availability, and hence reproduction and survival
(Both et al. 2009b, Aubry et al. 2013), or changing climate can affect habitat suitability (Culp et
al. 2017). Thus, evaluating cumulative effects over large spatial extents and long-terms is critical
to assessing their potential overall impact, especially in regions strongly influenced by climate

change.

Species at risk can face multiple threats, and their level of endangered may be worse
where the number of threats is associated is higher (Venter et al. 2006). Understanding how the
influence of each threat, their cumulative risk, and their relative influence on a species over
space and time is critical to developing conservation and recovery plans. Forecasting the impacts
of cumulative effects is also important because drivers and stressors, such as land use or climate,
are expected to change. Predictions of the impact of cumulative effects should be incorporated
into threat assessments for species at risk. This poses a challenge because many studies are not

designed with a cumulative effects approach in mind.

Landscape change

Human land use has caused considerable land cover change in most ecosystems (Fahrig
2003, Hoekstra et al. 2005, Haddad et al. 2015). Modern landscapes often have multiple land
uses, creating the potential for additive or synergistic cumulative effects. Cultivation of native
ecosystems to cropland is one of the greatest threats to wildlife populations (Johnson 2007,
Pereira et al. 2010, Shackelford et al. 2017). In the Canadian prairies, grassland loss and
degradation due primarily to agriculture are thought to be responsible for the decline of many

species (Venter et al. 2006), including grassland birds (Herkert 1994, Peterjohn and Sauer 1999b,
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Murphy 2003, Bock and Jones 2004, Brennan and Kuvlesky 2005, Koper et al. 2009).
Furthermore, there is increasing evidence that energy development infrastructure (e.g., oil and
gas wells, compressor stations, road networks, and power lines) and sensory disturbance (e.g.,
industrial noise, traffic) degrades habitat and can negatively affect some wildlife populations
(Sawyer et al. 2009, but see Gaudet 2013, Ludlow 2013, Rodgers 2013, Kalyn Bogard and Davis

2014, Wallace 2014).

Potential cumulative effects and their mechanisms are of concern to grassland species at
risk because while grassland to cropland conversion has stabilized, energy sector development is
projected to expand and intensify in Western Canada (Boyce 2011). The energy development
footprint is often higher in native prairie compared to cropland due to development costs. This
bias towards development in native prairie can potentially compromise the remaining prairie’s
quality for species that are associated with native prairie and sensitive to human disturbance
(Schmutz et al. 1980a, Ng et al. 2017). Furthermore, whether land cover change and industrial
development are additive in their effects on wildlife, or create novel synergistic interactions is

poorly understood for most species (reviewed by Northrup and Wittemyer 2012).

Climate change

Climate change has become a dominant theme in conservation biology because it can
result in ecological change across systems (Walther et al. 2002) and has been documented to be a
more influential driver than habitat loss in several systems (Dawe et al. 2014, Clarke Murray et
al. 2015, Dawe and Boutin 2016, Sultaire et al. 2016, Heim et al. 2017). As climate change

continues in the Canadian Prairies, we expect average temperatures by 2080 to increase in winter

6



by 3.4°C to 4.7°C, in spring by 2.5°C and 3.2 °C, and in summer by 2.9 "C to 4.4 °C
(Representative Concentration Pathway, hereafter RCP, 4.5 and RCP 8.5, respectively)
(McKenney et al. 2011). Summers are predicted to become drier (Sauchyn and Kulshreshtha
2008) and storms more frequent and severe (Kharin and Zwiers 2000, 2005). These small
incremental changes have potential to create large cumulative effects because the changes are
long term, occur over large spatial extents, and can affect wildlife populations through multiple

mechanisms (Traill et al. 2010).

Climate change has already impacted many wildlife populations (Lovejoy 2006,
Staudinger et al. 2013, Iknayan and Beissinger 2018). A number of studies have documented
negative impacts such as phenological mismatches (Lane et al. 2012, Aubry et al. 2013, Marrot
et al. 2018), habitat loss due to shifting temperature and precipitation patterns (Morrison and Hik
2007, Jeftress et al. 2013), and shifts in predator-prey dynamics (Montevecchi and Myers 1997,
Gilg et al. 2009). Some species or populations may also adapt to some effects of climate change
(Heath et al. 2012, Smith et al. 2017). Changes to temperature and precipitation may alter
landscape characteristics and change the suitability for a species, potentially impacting fitness or
species distribution (Heim et al. 2017). Species response to climate change is highly uncertain,
but predicting how climate change acts as a driver of wildlife populations is essential to wildlife
management and climate change adaption plans (Mawdsley et al. 2009). This is particularly true

for species at risk that may be more vulnerable to climate change.

Study species



The Ferruginous Hawk (Buteo regalis) is North America’s largest Buteo species (detailed
description in Ng et al. 2017). The species’ distribution covers the grasslands and deserts in
Canada, the United States, and Mexico. In Canada, Ferruginous Hawks breed in southern
Alberta, Saskatchewan, and Manitoba, and then spend non-breeding months in the United States
and northern Mexico (Watson et al. 2018a). Ferruginous Hawks rarely build their nest structures
from scratch, but are more commonly secondary nest builders. They nest in trees, on the ground,
on cliff sides and rock outcroppings (e.g., hoodoos and buttes), and are also known to nest on
human structures such as artificial nest platforms and industrial infrastructure, such as holding
tanks and sheds. Ferruginous Hawks are associated with open habitats such as grassland,

shrubsteppe, badlands, farmlands, parkland, and the periphery of forests.

Previous habitat studies have found that Ferruginous Hawks breeding habitat is
associated with a mix of grassland and cropland [Canada (Schmutz 1989), Oklahoma (Wiggins
et al. 2014), North and South Dakota (Datta 2016)]. In Utah, nest sites and breeding home ranges
were more likely to be associated with edge habitats (Antonova 2000), but nests were farther
from landscapes with more edge and heterogeneity in Idaho (Coates et al. 2014b) and Utah
(Antonova 2010). In Canada, Ferruginous Hawks were more likely to be near areas with higher
abundance of Richardson’s Ground Squirrels (Urocitellus richardsonii) (Schmutz and Hungle
1989b). In the United States and Mexico, Ferruginous Hawks are commonly associated with
Black-tailed Prairie Dog (Cynomys ludovicianus) (Oklahoma (Tyler 2015), Texas (Ray et al.
2015), New Mexico (Merriman et al. 2007, Goguen 2012)) and Gunnison’s Prairie Dog
(Cynomys gunnisoni) colonies in Utah (Cook et al. 2003, Keough and Conover 2012). Not
surprisingly, studies have also shown that Ferruginous Hawk reproductive performance is

associated with prey abundance (Woffinden and Murphy 1977, Smith et al. 1981, Schmutz and



Hungle 1989b). These studies demonstrate the close relationship between habitat selection, prey,

and hawk population dynamics.

Early behavioural studies suggested that Ferruginous Hawks are sensitive to human
disturbance. Experiments involved observers approaching nests by foot or vehicle, while
operating a 3.5 horsepower engine or while firing a 0.22 calibre rifle every 20 m while
approaching the nest until the adult flushed (White and Thurow 1985). Nests were also exposed
to chronic noise by mechanical noisemakers (White and Thurow 1985). These treatments
resulted in early flight initiation distances and even nest abandonment, which supported the
hypothesis that Ferruginous Hawks are highly sensitive to human disturbance (White and
Thurow 1985). This study resulted in a broadly adopted hypothesis that Ferruginous Hawks are

highly sensitive to human disturbance.

Oil and gas development is a dominant land use throughout portions of the Ferruginous
Hawk’s range. This land use could have negative impacts to nesting Ferruginous Hawks if they
are sensitive to human disturbance. Subsequent studies evaluated habitat use and reproductive
performance relative to human infrastructure and activity, founded on the hypothesis that
Ferruginous Hawks are sensitive to human disturbance and would avoid nesting near human
development. In Idaho, Ferruginous Hawks were more likely to nest farther away from roads and
facilities (Coates et al. 2014b). In Wyoming, home range occupancy and re-occupancy was
positively correlated with density of unimproved roads, but was not associated with oil and gas
development (Wallace 2014). Re-occupancy in Wyoming was also weakly negatively associated
with oil and gas road density near nest sites (Wallace 2014, Wallace et al. 2016a), and nest sites
were less likely to be near oil and gas development (Fuller 2010). In North and South Dakota,

nest sites were more likely to be far from ground-based disturbance (Datta 2016) and nests in



North Dakota were less likely to be reoccupied if the nest was located in areas with high density
oil and gas development (Wiggins et al. 2017). Conversely, Ferruginous Hawks were more likely
to select home ranges with a higher number of active wells in Utah (Keough 2006, Keough and
Conover 2012, Keough et al. 2015). Ferruginous Hawk reproduction in Wyoming or Utah was
not associated with the amount of oil and gas development around the nest (Keough et al. 2015,
Wallace et al. 2016b). Recently, a study evaluated hawk behavioural responses with respect to
landscape features and human disturbances and found that response behaviour is dependent on
type of stimuli, prior experience, and the anthropogenic landscape around the nest (Nordell 2016,
Nordell et al. 2017). Patterns have ranged from slightly negative to slightly positive associations

with human development, such as roads and oil and gas infrastructure.

More detailed understanding of the mechanisms behind patterns of habitat associations
would be useful in predicting habitat use. Also needed is a stratified study across a large spatial
extent that can evaluate the influence of high and low densities of oil and gas development across
a gradient of land cover types. Such an approach would help clarify how different human
footprint types, such as land cover and industrial development, influence Ferruginous Hawk
habitat use and reproduction. Evaluating how different densities of oil and gas development
influence hawks would also identify any potential thresholds where impacts change from neutral
to either positive or negative. These data would be important for informing how to potentially

manage multiple land uses without negatively impacting hawks.

Ferruginous Hawks have been listed as a threatened species in Canada since 2010 (SAR
Public Registry 2010) and an endangered species in Alberta since 2006 (Alberta Environment
and Parks 2009). The population has decreased by approximately 50% since the mid-1990s and

there is currently an estimated 1,200 pairs in Canada. Data from trend block surveys conducted
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by Alberta Environment and Parks (AEP) suggest that Ferruginous Hawk populations have
stabilized in the last decade at approximately 865 (95% CI =201) nests in Alberta, with a weak
positive trend (Redman 2016). Breeding Bird Survey data estimates that Ferruginous Hawks are
generally stable or slightly increasing, from 1966 to 2013 (range 0.29 to 1.82% by Bird
Conservation Region) (Sauer et al. 2014). However, populations are declining in the Central
Mixed Grass Prairie during this time period (-0.58%) and the greatest decline occurring between
2003 and 2013 (-1.09%) (Sauer et al. 2014). Potential threats to Ferruginous Hawks include
habitat loss, climate change, poisoning and persecution, electrocution, wind energy conflict,
vehicle mortality, decreased prey availability, and decreasing nest site availability (reviewed by
Ng et al. 2017). The cumulative effects of multiple stressors on the Ferruginous Hawk population

are generally unknown.

Few studies have evaluated cumulative effects of human development and climate
change on Ferruginous Hawk ecology. Drawing conclusions on how these drivers act
concurrently to influence hawks is difficult because previous studies have been limited in sample
size or were conducted in study areas with regional spatial extent. Previous studies in Canada
were generally focused on understanding the influence of land cover and did not study the effects
of industrial development. In the United States, studies evaluating the effect of oil and gas
development on Ferruginous Hawks were primarily conducted on public lands, where natural
cover, such as grass and shrub steppe, is the dominant land cover. The influence of weather and
climate change are also challenging to study when studies have small sample sizes or when nests
are localized in a small study area because nests are exposed to the same weather effects.
Studying a species that is relatively uncommon, wide-ranging, and found in a range of

landscapes requires data collection over a large spatial extent, multiple years of data, and a large
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sample of nests distributed over a geographically stratified across varying land cover
compositions and densities of industrial development. A specific cumulative effects approach is
required to identify how land use and climate change influences Ferruginous Hawk habitat use

and reproduction.

Study area

The study area encompasses most of the breeding range of Ferruginous Hawks in
Canada, which is also the northern range of the species distribution (Ng et al. 2017). It is
approximately 153,000 km? and is located from 49.0°N to 51.8°N latitude and -113.2°W to -
102.8°W longitude. Average winter temperature is -7.0°C (December to February), followed by
an average spring temperature of 6.5°C (March to May), and an average summer temperature of
18.7°C (June to August) (Medicine Hat, Alberta, Environment Canada and Climate Change).
Average winter precipitation is 32 mm and increases to 82.7 mm in spring and 135.9 mm during
the summer (Medicine Hat, Alberta, Environment Canada and Climate Change). The study area
encompasses several ecoregions, including fescue, mixed-moist grassland, and shortgrass
ecoregions. The land cover is predominantly cropland and grassland. Grassland communities are
characterized by species including blue gramma grass (Bouteloua gracilis ), needle and thread
grass (Stipa comata), and wheat grasses (Elymus spp.). The majority of grassland cover is grazed
by cattle. Common crops include canola (Brassica spp.), cereals such as wheat and barley, clover
(Trifolium spp. and Meliliotus spp.), and pulse crops (e.g., Pisum spp., Lens spp., dry beans). Oil
and gas deposits are localized and density of petroleum development ranges from zero to 541

wells per township. Wind power generation is an emerging land use, with approximately 1704
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MW produced in southern Alberta and Saskatchewan (Canadian Wind Energy Association
2018). The majority of the study area is low and flat, interspersed with regions of undulating
uplands, river valleys, badlands, and coulees. Chernozem and solonetzic soils are the dominant

soil orders throughout the study area (Soil Landscapes of Canada Working Group 2010).

The majority of historical grassland cover in southern Alberta and Saskatchewan has
been cultivated for farming and approximately 37% and 20% remain, respectively
(Hammermeister et al. 2001, The Alberta Biodiversity Monitoring Institute 2015). The greater
part of grassland conversion to cropland was completed prior to 2000, however, conversion is
ongoing and approximately 4.7 million hectares have been converted to cropland in the Northern
Great Plains (including both Canada and United States) since 2009 (World Wildlife Fund 2017).
An estimated annual loss rate of 0.75% occurred in 2015 and decreased slightly to 0.55% in
2016, converting approximately 283,000 hectares of grassland to crop. Primary crops grown in
2016 on converted grassland include wheat, corn, soy, and lentils. Grassland restoration is rare in

southern Alberta and Saskatchewan and conservation efforts rely mostly on habitat stewardship.

Thesis overview

Multiple land uses and climate change could alter landscape characteristics and,
consequently, Ferruginous Hawk habitat use and reproduction. My overall objective is to
evaluate how the cumulative effects of landscape and climate change influence Ferruginous
Hawk habitat use, reproduction, and overall population demography. I use a cumulative effects
approach to study hawk ecology over a large spatial extent to assess how multiple stressors can

affect habitat quality and how a cumulative effects approach can help managers prioritize how to
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positively influence breeding population conservation and recovery. Therefore, understanding
how these drivers influence this species at risk is relevant and timely. My study was conducted in
southern Alberta and Saskatchewan where there is an extensive human footprint from multiple
land uses, such as cultivation and oil and gas development, and where climate change is expected
to alter weather patterns. In Chapter 2, I evaluated how environmental and anthropogenic
variables influence home range habitat selection. I then applied the resulting habitat model to
identify potential overlap and conflict with wind energy development. In Chapter 3, I assessed
the potential cumulative effects of land cover characteristics and oil and gas development on
Ferruginous Hawk habitat quality. I developed a relative nest abundance model and several
reproduction models, which I used to identify potential habitat mismatches by overlaying and
comparing spatially-explicit nest abundance and reproductive performance maps. In Chapter 4, |
evaluated how the potential cumulative effects of land cover and industrial development could
influence prey delivery rates and prey diversity at Ferruginous Hawk nests. I assessed whether
hawks nesting in different landscapes were able to provide similar amounts of food to nests. In
Chapter 5, I evaluated the relative influence of land cover and climate change on Ferruginous
Hawk population demography. I also evaluated how different land cover and climate change
scenarios could impact future Ferruginous Hawk population conservation and recovery. In
chapter 6, I summarize and synthesize the results from the preceding chapters, discuss

conservation and recovery implications, and provide suggestions for future research.
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Chapter 2: Predicting home range habitat selection by Ferruginous Hawks to identify

potential wind energy conflict risk in Canada

Abstract

Global wind energy development has increased exponentially in recent decades and is expected
to double in capacity in Canada by 2040. Wind farm development has significant implications
for wildlife, particularly for raptors where mortality from turbine strikes and other cumulative
effects are well documented. Minimizing conflict is particularly important for species at risk,
such as the Ferruginous Hawk (Buteo regalis), because negative impacts from wind farms may
hinder conservation and recovery actions. Understanding Ferruginous Hawk habitat selection is
needed to assess the potential spatial overlap with wind farm development and make spatially-
explicit predictions of conflict risk. Our objectives were to 1) develop a predictive map of habitat
selection by Ferruginous Hawks at the home range scale and 2) identify areas of high and low
potential conflict with current and future wind energy developments, by overlaying predictive
habitat maps with wind potential within the Canadian Ferruginous Hawk range. We showed that
landscape composition and configuration, industrial development, soil characteristics, and
seasonal climate influenced Ferruginous Hawk home range habitat selection. Our risk analyses
identified areas at medium to very high risk of conflict with wind energy, but also large areas
with low development potential and high conservation value that would be valuable for species
conservation and management. Our habitat model and risk assessment do not replace ground

assessments, but they can be used during the pre-development phase to proactively site new wind

15



farms away from potential risk for Ferruginous Hawks. We demonstrate the wind energy

development can be prioritized alongside with wildlife conservation.

Keywords

species distribution model, resource selection function, conservation offset, on-shore wind

energy, renewable energy, Buteo regalis.

Introduction

World-wide, electricity consumption is expected to grow another 0.9% annually through
2050 (US Energy Information Administration 2018). In an attempt to reduce carbon emissions,
there is a growing move towards the use of renewable energy to create electricity. Wind energy,
in particular, has grown exponentially in response to this demand. In Canada, wind energy
production has increased 18% per year between 2012 and 2016 and capacity is expected to
double by 2040 (Board 2016, Canadian Wind Energy Association 2016). This degree of wind
energy development could have significant implications for wildlife (Fargione et al. 2012, Tack

and Fedy 2015).

Impacts of wind energy on wildlife include both direct and indirect impacts. Increased
mortality from turbine strikes (Pagel et al. 2013) or barotrauma (Baerwald et al. 2008), habitat
loss and fragmentation, reduced reproductive success, behavioural avoidance, and acoustic
masking are known issues associated with wind farms (reviewed by Drewitt and Langston 2006,

Northrup and Wittemyer 2012, Zimmerling et al. 2013, Mahoney and Chalfoun 2016).
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Cumulative effects can also arise from wind farms (reviewed by Zimmerling et al. 2013, Smith
and Dwyer 2016) because infrastructure associated with wind energy, such as roads and wind
turbines, can decrease the amount of available habitat and also fragment the landscapes
(Northrup and Wittemyer 2012). Higher vehicle volume associated with a higher density of roads
can increase mortality risk by vehicle collisions (Litvaitis and Tash 2008). Collision or
electrocution risk can also increase with higher densities and proximity to power lines (Sergio et
al. 2004, Shaw et al. 2018) that are built to support wind farms. Even the construction of wind
farms can negatively impact wildlife, with potentially greater impact than the subsequent
operation of the wind farm (Pearce-Higgins et al. 2012). These long term and large-scale
cumulative effects can be additive and negatively affect habitat use, survival, and reproduction of
wildlife. Therefore, pre-construction assessments for new wind farms should consider more than
just the footprint of the wind farm and turbines, but also consider the broader spatial and

temporal scales of cumulative effects on wildlife (Marques et al. 2014, Watson et al. 2018c).

Mitigation at wind farms is often used to reduce impacts post-construction, with varying
degrees of success. Selective stopping programs can be effective mitigation, as evidenced in
Spain where turbines were stopped when Griffon Vultures (Gyps fulvus) were observed near
them. This simple technique reduced mortality by 50% and had minimal impact to energy
production (de Lucas et al. 2012). Bat mortality was also reduced when the wind turbine cut-in
speed was raised, which reduced turbine operation during periods of low wind speed and higher
bat activity (Arnett et al. 2011). Mitigation should be used after wildlife-conflict occurs (Carrete
et al. 2009, Baisner et al. 2010, Pagel et al. 2013), but a more prudent approach is better siting of
wind farms so that potential negative impacts are minimized overall (Zimmerling et al. 2013,

Balotari-Chiebao et al. 2016, Smith and Dwyer 2016, Zwart et al. 2016).
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Predicting high-conflict areas prior to development is particularly important where wind
energy will conflict with species at risk, such as Egyptian Vultures (Neophron percnopterus)
(Carrete et al. 2009) or Griffon Vultures (De Lucas et al. 2008, Carrete et al. 2012). Mortality of
raptors from turbine strikes, particularly large-bodied soaring birds, are well documented
(Barrios and Rodriguez 2004, Hoover et al. 2005, Nygard et al. 2010, Carrete et al. 2012).
Ferruginous Hawks have been observed using habitat within <50 m of wind turbines at relatively
high rates compared to other birds (Smallwood et al. 2009) and Ferruginous Hawk mortality
from turbine strikes have been documented in the U.S. and Canada (Watson et al. 2018b, B.
Downey, Alberta Environment and Parks, pers. comm.). Furthermore, Kolar (2013) found that
Ferruginous Hawk daily nest success was lower in areas with more wind turbines per home
range, suggesting an additive effect of with the increasing number of turbines within a home
range. Post-fledging daily survival rate increased farther away from turbines (Kolar 2013, Kolar
and Bechard 2016). Reoccupancy rates of Ferruginous Hawk home ranges also decreased 50%
in <5 years following wind farm construction in Washington (J. Watson, Washington
Department of Fish and Wildlife, pers. comm.). Thus, siting wind energy development away
from habitat with high suitability for nesting hawks can reduce risk to breeding pairs and

fledglings by reducing spatial overlap of home ranges and wind turbines (Watson et al. 2018c).

Mapping Ferruginous Hawk habitat selection is required to predict spatially-explicit
conflict risk. Species distribution models (SDMs) can help understand species-habitat
relationships and predict distribution changes if landscape changes (Engler et al. 2017). Habitat
models can also be used to develop predictive habitat selection maps. Ferruginous Hawks nest in
a variety of landscapes, including landscapes with little human disturbance and landscapes with

considerable land cover change and industrial development (reviewed by Ng et al. 2017). A
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previous study found that Ferruginous Hawk nest density is highest in landscapes with a mix of
cropland and grassland (Schmutz 1989); however, they are still broadly associated with large
tracts of grassland. Furthermore, Ferruginous Hawks are considered sensitive to human
disturbance (White and Thurow 1985, Keeley and Bechard 2011), yet are observed nesting in
landscapes with industrial development. Quantifying patterns of habitat selection is important to
understanding how land use influences Ferruginous Hawks. Evaluating the influences of land
cover composition and configuration, industrial development, soil characteristics, and climate on
home range selection is the first step to making a predictive habitat model for Ferruginous
Hawks in Canada. Developing such a habitat model identifies areas of low to high habitat
selection and can be used to inform species conservation and management. In our example, these
spatially-explicit models can also be used to inform land use planning, such as future wind farm

development.

Our objectives were to 1) develop a predictive map of nesting habitat selection by
Ferruginous Hawks at the home range scale over the extent of their breeding range in Canada
and 2) identify areas of high and low potential conflict with current and future wind energy
developments, by overlaying predictive habitat maps with wind potential within the Canadian
Ferruginous Hawk range. Identifying areas of potential conflict between wind energy
development and Ferruginous Hawk nesting habitat can inform macro-siting of wind farms and
associated infrastructure, allowing the avoidance of high risk such as landscapes with high hawk
density, regular flight paths such as within home ranges, and habitat from which young
Ferruginous Hawks will fledge and disperse. Overlaying wind-potential scenarios, modelling
turbines that are varying in height, will also illustrate the geographic change in potential risk as

turbine height increases. Reducing potential risk is particularly important for Ferruginous Hawks
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because their population in Canada has declined by 50% in recent decades and they are listed as
Threatened in Canada (SAR Public Registry 2010) and endangered in Alberta (Alberta
Environment and Parks 2009). Ferruginous Hawks have also been identified as a high risk of
experiencing population declines from wind energy (Beston et al. 2016); therefore this study is

timely and relevant as wind energy development grows in Canada.

Study area

Our study area included the fescue, moist-mixed, and mixed-grass ecoregions of southern
Alberta and Saskatchewan, ranging from the US-Canada border to 52°50°N latitude, between
longitudes of 114°0°W and 103°0°’W. The climate was semi-arid, where temperatures averaged
14.6°C (April-September) and annual precipitation was on average 333 mm (Medicine Hat,
Alberta, Environment Canada and Climate Change). Dominant land-covers reflect major land
uses, which was farming and ranching. Farmland was predominately cropland and dominant
crops including wheat, canola, peas, and lentils. Irrigation was common in parts of the study
area, but the majority of cropland was not irrigated. Native grassland was generally used for
grazing cattle and was dominated by blue grama (Bouteloua gracilis), needle-and-thread grass
(Stipa comata), wheat grass species (Agropyron spp.), and rough fescue. Petroleum development
was found throughout the study area, ranging from 0 to >20 wells per section (256 ha). The study
area was on the northern periphery of the Ferruginous Hawk range. Ferruginous Hawks arrived

in mid-March and remained until fall migration in September/October (Ng et al. 2017).
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Methods

Species Location Data

Nest location data was provided by researchers and biologists who submitted nests
records to provincial (Alberta Fish and Wildlife Information Management System and
Saskatchewan Conservation Data Centre) and federal (Environment and Climate Change Canada
Wildspace) databases. Data were also collected by naturalists, such as hobby banders, who are
required to meet a standard skill level for bird identification before being granted a banding
permit. Only nests that were confirmed by observations of territorial adults, eggs, nestlings, or

incubating females were included. We constrained nest data to between 2005 and 2010.

The majority of nests were recorded with a hand-held Global Positioning System (GPS)
(accuracy to = 10 m), but a minority of nests were reported with <400 m accuracy because the
observer lacked landowner permission to approach the nest. A subset of nests were difficult to
distinguish as unique or duplicate nests because they were reported in multiple instances, either
by different agencies, at varying spatial precisions, or over several years because nests are often
used multiple years. We resolved the varying spatial precision and eliminated possible
duplicates by generalizing nest locations to the quarter-section (64 ha) in which they were
observed and we represented each of these ‘used’ points by their quarter-section centroid. In
addition, random quarter-sections were selected across the study area to provide a set of points to

describe the available landscape.
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Predictor variables

We categorized 57 predictor variables into five variable classes: geography, land cover,
human development, soil, and climate (Table 13). Grouping similar variables allowed us to
simplify a large number of predictor variables within broad variable classes and then evaluate
their overall influence on Ferruginous Hawk home range selection. Furthermore, variable
classes such as land cover and human development can be manipulated by land managers,
regulatory agencies, and industry advisors and, therefore, may be important for developing
management strategies for conservation and recovery. Geography, soil, and climate cannot be
manipulated, but could be important factors for predicting habitat suitability and thereby useful

for pre-development planning.

We used ArcGIS 10.1 (ESRI 2012) to measure predictor variables around used and
random available points. Each variable was quantified at a 30-m resolution (Table 16).
Variables were summarized around a centroid in each quarter-section out to a 2500 m buffer.
We used a 2500 m buffer to approximate the 50% core area of a Ferruginous Hawk home range
(J. L. Watson, unpublished data).We characterized available landscapes by generating 4000

random points and quantifying landscapes with a similar 2500-m buffer.

Geographic variables include elevation, standard deviation of elevation (to characterize
heterogeneous terrain), latitude, and longitude. Latitude and longitude are included as a

surrogate for unknown spatial gradients in environmental conditions that may exist.

Land cover variables include proportion of grassland (hereafter, grass), distance to
nearest grass, and total edge. Total edge was calculated as the sum length along interfaces

between grass and cropland. Variables related to composition of cropland (hereafter, crop)
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within the 2500 m radius buffer were not included because crop is highly inversely correlated

with grass in southern Alberta.

Human development variables described oil and gas infrastructure and linear features.
We quantified infrastructure that existed in 2010 and assumed that while development is
ongoing, density of human development features are spatially auto-correlated within 2500 m
radius buffers. Oil and gas infrastructure were grouped into surface wells (i.e., both oil and gas
wells) and facilities, but were also considered separately as oil wells, gas wells, and noise-
producing facilities. Linear features include roads, pipelines, and transmission lines. Distance
to nearest feature was measured for all infrastructure types. Point features such as oil and gas
wells were counted within each buffer distance and total line length within each buffer was

summed for linear features.

Soil Landscapes of Canada v.3.2 was used to characterize soil around each nest
location(Soil Landscapes of Canada Working Group 2010). Soil was characterized by regional

texture, and proportions of parent materials and soil orders.

Climate variables included both spring (March through May) and summer (June through
August) seasons. Climate normals were based on data from 1960 to 2000, and average
precipitation and minimum, maximum, and average temperatures were extracted for each used
and available point (Wang et al. 2011). Climate normals were used because our objective was to
evaluate regional climate patterns associated with home range habitat selection, rather than short-

term weather-related patterns related to, for example, annual reproductive performance.
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Model development

We used STATA 11.0 (Statacorp 2009) for all statistical analyses. We followed a
standard data exploration protocol to evaluate data for outliers, collinearity, and heterogeneity of
variance (Zuur et al. 2010). Akaike Information Criterion (AIC) values (Burnham and Anderson
2002) were calculated for highly-correlated variables and the variable with the least explanatory
power from these correlated pairs was removed from the variable class. We also used AIC
values to evaluate whether linear or quadratic forms for each variable performed best, and then
included the form with the lowest AIC value. Evaluating different forms of variables was an
important component of our analyses because previous studies of Ferruginous Hawk habitat
selection found conflicting results. The variable with the lowest AIC value, hence higher

explanatory power, was included in subsequent models.

We used logistic regression to create a 2™ order used versus available resource selection
function (RSF) to develop a Ferruginous Hawk home range habitat selection model for each of
the five model sets (Boyce et al. 2002, Manly et al. 2002, Johnson et al. 2006) (Table 15,
Equation 1). A hierarchical information theoretic approach was used to develop the best model
from simplified variable classes. Global models for each variable class were simplified using a
backwards stepwise elimination process, where terms were removed from the most complex
model within that set (P>0.10) (Arnold 2010) if the resulting model AIC also decreased.
Retained variables within model sets included only those terms that were significant at P<0.1.
The combined variable classes forming the “all-inclusive” model were created by using all

retained terms within the five model sets. Model performance was evaluated using receiver
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operating curves (ROC) (Hosmer et al. 2013) and AIC values. A predictive map was generated

for the study area using the resulting RSF equation.

Model validation

We used an independent sample of Ferruginous Hawk nest locations, collected by our
own field crews, to evaluate the predictive capability of our home range habitat selection model.
Nest surveys were conducted in 2012 and 2013, and 119 active hawk nests were found across
Alberta and Saskatchewan. Surveys were conducted using stratified random sampling, where
surveys were geographically spread throughout the study area and distributed along a low to high

grassland-cropland gradient and industrial development gradient.

We evaluated the area-adjusted probability of use relative to predicted selection by
ranking RSF values into five equal-interval bins and then comparing the frequency of test data
relative to the expected frequency. We used linear regression statistics (Johnson et al. 2006) to
evaluate the fit of the model, where a high R?, a slope not different from 1.0, and an intercept not
different from zero was deemed a good model. We also evaluated the correlation between the

proportion of expected and observed nests in each bin rank using Spearman’s rank correlation.

Identifying risk of Ferruginous Hawk — wind conflict

To identify areas of conflict between predicted Ferruginous Hawks breeding habitat and

wind turbines, we first determined the potential for future wind farm development across the
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study area. Spatial data for wind potential were obtained from the Canadian Wind Energy Atlas
(www.windatlas.ca). Estimated mean wind power was generated from a model using over 43
years of averaged spatial wind data. The spatial resolution for the modeled data is 4.8 km by 4.8
km pixels. We classified mean wind power in each pixel into Wind Power Classes (WPC). This
is the industry standard used to classify mean wind speed into seven categories, where wind
speed averages 0 to >31.7 km/h (Elliott et al. 1987). Our estimates for wind potential are
modeled for turbines 50 metres and 80 metres above the ground. The heights of new commercial
turbines commonly range from 80 metres to 125 metres, where the most common turbine height
is ~80 metres (Wiser and Bolinger 2017). Turbines in the near future may to be taller (e.g., 140
m hub height (Jose et al. 2015, Wiser et al. 2016); therefore, we likely underestimate future wind
potential because wind speed increases with height above the ground. However, we argue our
conservative estimates will identify which current areas of potential commercially viable wind
energy development are associated with the highest likelihood of affecting Ferruginous Hawks.
Furthermore, we thought it valuable to include a model for turbines at 50 metres to 1) compare
how conflict risk and mapping can change with turbine height and 2) anticipate the possibility of
wind farms with turbines at 50 metres. The recommended guideline for commercially viable
developments is wind speeds over 6.5 m/s, which applies to both 50 m and 80 m turbine heights

(Elliott et al. 1987).

Several wind farms in Alberta and Saskatchewan are located in areas classified as WPC
2, which is lower than the recommended guideline of WPC 3 for commercial development.
However, wind potential is only one factor considered when siting a wind farm, and proximity to
existing transmission lines is another high-priority factor. We accounted for the increase of

commercial development potential near transmission lines by weighting WPC in areas that were
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within 25 km of a transmission line. Our additive model is termed Wind Development Potential
(WDP) where WPC + 1 = WDP, where development potential is binned similarly to wind speed,
except with an added component to weight areas in close proximity to transmission lines and,

therefore, more easily connected to the power grid.

We included in the low WDP category areas that had low potential for wind energy
development for other reasons, such as being in military bases, forested land, areas within 5 km
of cities, or protected areas such as parks and National Wildlife Areas. In addition, we
categorized areas designated as wind avoidance areas (Saskatchewan Ministry of Environment
2016) as having low wind development potential. This will allow these protected landscapes to
be included in our analyses as low wind potential and to be assessed for suitability for
Ferruginous Hawk habitat, allowing us to evaluate if the landscapes can be considered high

conservation value for hawks.

We classified RSF values into five equal-interval bins, and overlaid the RSF map onto
the 50-m and 80-m WDP maps to spatially identify areas with high wind-high hawk potential
(high conflict risk), high wind—low hawk suitability (low environmental liability risk), and low

wind-high hawk suitability (high conservation potential) (Table 1, Table 2)

Results

Habitat Selection
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We collapsed historical nest data, from 2005 to 2010, to 2147 used quarter-sections, and
characterized ‘available’ units by randomly selecting 11,841 quarter-sections. The top model
evaluated for the geography variable set included the quadratic forms of latitude and longitude,
predicting the approximate centre of the study area to have the highest probability of selection by
hawks. Hawks selected landscapes with moderate amounts of grassland (Figure 1) and with
lower densities of grassland-cropland edge (Figure 2). Home ranges were also more likely to be
selected near water, fitting a natural log form (Figure 3). Hawks selected areas that were
consistently warmer in the spring and summer. Hawks are more likely to select home ranges in
areas where soil orders are composed of decreased proportions of vertisolic, chernozemic,
regosolic, and luvisolic soil. Deposition modes were likely to be morainal till, undifferentiated
mineral, undifferentiated bedrock, residual material, and eolian, glaciolacustrine, glaciofluvial,
fluvioeolian soils. Selected home ranges were also characterized by soils composed of less silt
and sand. Home ranges were more likely to be in landscapes with higher densities of resource

roads and closer to active oil wells (Figure 4).

The all-inclusive model developed from the top models for each variable class was
reduced further after variables with p-value >0.10 were removed, resulting in a model weight of

0.99 (Table 3, Table 4).

We used the logistic form to develop a resource selection map (Figure 5) using beta

coefficients from each variable in the global all-inclusive model (Equation 1).

The all-inclusive model ROC was 0.81, suggesting the model is able to moderately
predict relative probability of habitat selection. Model validation performed adequately, as the
adjusted R? (0.64) is moderately high, the slope is not significantly different from 1.0 (slope was

0.70, p-value = 0.53), and the intercept (2.2) is near zero, suggesting the model was a good
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predictor of the independent sample of nest locations. The Spearman’s rank correlation was rho
=0.76 (p-value = 0.01). The top two of five RSF variable bins accounted for 99.5% of the
2,147 locations used to build the RSF model and 90.0% of the 119 nest locations used to test the

home range habitat selection model.

Risk of Ferruginous Hawk — wind conflict

Commercial development of wind power is currently high enough to be viable within
much of the Ferruginous Hawk range in Alberta and Saskatchewan, leading to potential risk of

direct collisions or indirect effects (Figure 6, Table 14).

Land with risk (i.e., medium, high, and very high risk) covers 61% and 67% of the range
for 50-m and 80-m turbine hub height, respectively. The amount of very high conflict risk covers
2% of the Ferruginous Hawk range if wind farms were restricted to 50-m turbine hub height and
8% with 80-m turbine hub height. Land with high conservation value, where wind development
potential is low and relative probability of selection by hawks is high, covers 36% and 29% of

the range, for the respective turbine hub heights of 50 m and 80 m.

Discussion

Patterns of selection
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We developed a predictive home range habitat selection model for Ferruginous Hawks in
Canada. Our study found that Ferruginous Hawks were more likely to select home ranges
characterized by heterogeneous landscapes. Ferruginous Hawks were more likely to select home
ranges with land cover composed of approximately half cropland and half grassland, which is
similar to previous studies (Wakeley 1978, Schmutz 1989, McConnell et al. 2008, Wiggins et al.
2014). We found that hawks select for home ranges with low to medium edge density, where
relative probability of selection decreases if edge density surpasses 80 km in the surrounding
2500 m radius. Selection for mosaic landscapes with some edge may be related to foraging
opportunities as foraging studies have shown that the hawks hunt in grazed grassland (Wakeley
1978), fragmented landscapes (Plumpton and Andersen 1998), and irrigated croplands (Leary et
al. 1998). Grassland vegetation may provide foraging opportunities at different times than crops,
as certain species of open-country raptors are more likely to hunt in bare to short vegetation,
where prey is likely more accessible for capture, than in tall, dense vegetation (Wakeley 1978,
Bechard 1982, Marsh et al. 2014). Moreover, Richardson’s Ground Squirrels (Urocitellus
richardsonii), an important component of the diets for Ferruginous Hawks nesting in Canada
(Schmutz et al. 1980, Schmutz et al. 2008, Ng et al. 2017), are more likely to select short
vegetation cover (Downey et al. 2006, Proulx et al. 2012, Fortney 2013). Ground squirrels were
also most abundant in areas with moderate cropland and less abundant in extensive cropland
(Schmutz 1989). These studies suggested that prey availability is highest in areas with some
grasslands and cropland. Nest structure availability also varies with land cover, and low tree
abundance in large tracts of grasslands may limit nest structure availability. Conversely, trees
are more common in farmland, hence nesting in mosaics of grassland and cropland may provide

benefits of foraging and nest site availability. Ferruginous Hawks were less likely to nest in
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landscapes with high proportions of cropland in Oklahoma (Wiggins et al. 2014) and North
Dakota (Gilmer and Stewart 1983), but there are likely benefits to living in mosaic landscapes as
Ferruginous Hawks in Montana that nested in grasslands near croplands were more likely to

reproduce successfully (Zelenak and Rotella 1997).

Ferruginous Hawks were slightly more likely to select home ranges nearer to active oil
wells and in areas with high resource road density. Keough and Conover (2012) found a similar
relationship where Ferruginous Hawks in Utah were also more likely to nest nearer to active oil
wells. Other Ferruginous Hawk studies have found positive (Van Horne 1983, Zelenak and
Rotella 1997) or negative associations of roads, depending on road type, year, and spatial scale
of analyses (Smith et al. 2010, Wallace et al. 2016b). Oil wells and roads are often associated
with other infrastructure, such as fencing, power poles, and auxiliary buildings, which can be
used as perches by hawks (Plumpton and Andersen 1998, Ng et al. 2017). Prey availability also
may be increased near wells as small mammal abundance, including ground squirrels, can be
higher in areas with natural gas extraction (Hethcoat and Chalfoun 2015b). Ferruginous Hawks
may also select home ranges near wells and roads because it is common practice to mow
vegetation along resource roads and around wells, which may increase the availability of prey to
foraging Ferruginous Hawks, which select for shorter vegetation where ground squirrels are
more accessible (Bechard 1982, Marsh et al. 2014). Most prior studies have been conducted in
sage or juniper dominated landscapes; therefore, understanding the potential effects of nesting
near oil development associated with higher amounts of human disturbance in moist-mixed and

mixed grassland is important for fully understanding Ferruginous Hawks habitat use.

Soil and climate variables were also reasonable predictors of Ferruginous Hawk home

range habitat selection. A similar study that examined home range selection for Burrowing Owls
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(Athene cunicularia) found that soil and climate were the best predictors among a suite of
analogous variable classes (Stevens et al. 2011). We found soils within the home range buffers
were more likely to be coarse and were likely formed by glacial deposits, river or floodplain
flow, and wind. Soils associated with less organic material were also associated with home
ranges, which may be related to lower agricultural potential and therefore grassland land cover.
Identifying the mechanisms, such as food or nest structure availability, is important to predicting
effects to habitat selection and for making management recommendations. More stable soils
maybe more suitable for mammalian fossorial prey, such as Richardson’s Ground Squirrels
(Proulx et al. 2012). Distribution and abundance of trees in the Great Plains is also influenced by
soil and climate (Eckenwalder 1977, Bradley and Smith 1986) and may result in varying nest

structure availability for hawks.

Implications for wind development

We developed a risk-assessment tool to identify potential conflict risk between wind
energy development and Ferruginous Hawks, a threatened species at risk, nesting in Canada. We
overlaid our predictive habitat model with wind development potential and found that 2-8% of
the Ferruginous Hawk range in Alberta and Saskatchewan is potentially at very high risk of
conflicting with wind power development. Conversely, we predict 33-39% of the Ferruginous
Hawk range in Alberta and Saskatchewan has potentially low conflict risk. Our spatially-explicit
models allow managers to assess and mitigate conflict with hawks at current wind farms in risk
zones or pro-actively reduce the risk of conflict by siting future wind farms away from

potentially high risk zones.
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Our study showed that the relative probability of Ferruginous Hawk habitat selection
varied across their range, meaning that there are low, medium, and high risk locations for new
wind farms. We recommend avoiding siting wind farms in landscapes in heterogeneous
landscapes, such as patch-mosaic landscapes with both grassland and cropland, and areas with
moderate edge density, where the relative probability of home range selection is high. In
addition, the general premise to site wind farms away from native grassland into cropland,
regardless of surrounding land cover composition and configuration, can potentially increase risk
to Ferruginous Hawks if the siting is shifted to mosaic landscapes. We recommend siting wind
farms on landscapes that are dominated by cropland because they overlap with the least amount

of risk for nesting Ferruginous Hawks and for biodiversity in general (Bond and Parr 2010).

Potential cumulative effects associated with wind power must also be considered when
siting developments. For example, to-date, wind developments in Alberta and Saskatchewan
have been located in zones below the highest wind potential, but near existing transmission lines
to connect to the power grid. From a short-term perspective, there is concern because
Ferruginous Hawks will nest on transmission towers (Steenhof et al. 1993) where towers are
located in suitable landscapes for this species. If wind turbines are placed in the home ranges of
hawks nesting in transmission towers, then the risk of turbine strikes will increase. Long term
planning can pro-actively reduce this risk by siting future transmission lines away from suitable
hawk habitat, thereby also directing wind farm development away from hawk habitat.
Cumulative effects that reduce or fragment natural land cover should also be considered. An
estimated 1.23 ha of vegetation is removed per turbine (Zimmerling et al. 2013) , which can
cumulatively result in changes to land cover and edge density in a landscape. Our study results

suggest that these changes could change the probability of a landscape for home range habitat
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selection by Ferruginous Hawks. Like most large-scale developments, potential cumulative

effects should be managed to minimize unintended negative consequences.

The amount of area with risk was greater for the 80 m than the 50 m turbine hub height
scenario. Therefore, we expect that with increased turbine height in the near future, areas with
risk potential will likely expand because more landscapes will meet commercially viable wind
potential. However, our study identified over 100,000 km? as low environmental liability under
our current scenarios, suggesting that there will still be large low risk areas available for potential
development. Smaller turbine capacity is typically associated with lower wildlife collision rates,
but there is also less risk of collision associated with fewer larger turbines per unit energy output
(Thaxter et al. 2017). Decisions about turbine capacity and number of turbines per farm could be
prescriptive, where design and construction decisions are made relative to risk. Risk can further
be mitigated if the home range habitat selection map is referenced as part of the pre-development
assessment for new farms. As well, mapping can be updated as new wind development potential
maps are generated under new technology scenarios. However, our maps do not preclude the
need for ground assessments, such as pre-construction hawk surveys, but our models can be used
as coarse-filter tools for landscape-scale planning because they identify potential high conflict,

low environmental liability, and high conservation value zones.

As land use and climate continue to change, patterns of temperature, precipitation, and
circulation are expected change at regional to global-scales. Changes in land cover and climate in
our study area may change where our model predicts home range habitat selection. In addition,
changes to wind patterns may change the wind potential map. Given expected changes to land
cover and wind patterns, it would be prudent to replicate our models in the future with updated

land cover and wind potential maps as they become available.
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The cumulative effects of wind energy development as the wind energy sector continues
to grow will likely have negative impacts to some wildlife. However, the increased use of
renewable energy for electricity generation will result in a reduction in use of fossil fuels and
associated emissions. Prudent siting and adaptive mitigation for cumulative effects associated

with existing and new wind farms will reduce their impact.

Management implications

We demonstrate that wind energy development can be prioritized alongside wildlife
conservation by identifying opportunities for prudent siting of new wind farms that minimize
risk to Ferruginous Hawks. Our study found that the total area of potential high risk to
Ferruginous Hawks was relatively low, especially when compared to large portions of the
remaining study area that were categorized relatively low environmental liability (i.e., high wind
development potential and low probability of hawk habitat selection). We have provided the
wind energy industry and wildlife managers with maps that enable prioritizing landscapes for
avoidance during pre-development assessments. Lastly, in cases where wind farms are located
in high risk zones, we have identified areas with high Ferruginous Hawk conservation value (i.e.,
probability of hawk habitat selection is high and wind development potential is low) that could
be considered for Ferruginous Hawk conservation offsets (Fargione et al. 2012, Dwyer et al.
2018). This is first time species at risk conservation and wind development potential has been
modeled together in Canada, though similar exercises have been done in the United States (Tack
and Fedy 2015), Europe (e.g., Migratory Soaring Birds Project) (Telleria 2009, de Lucas et al.

2012, Vasilakis et al. 2016), and South America (Péron et al. 2017). Our mapping products are
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specific for Ferruginous Hawks and we propose that next conservation steps include hotspot
mapping for multiple species, in which a similar process of identifying spatial risk is conducted
with species prone to negative effects from wind farm construction and operation (Bennett et al.
2014, Mahoney and Chalfoun 2016). Future risk assessment studies should also incorporate
Ferruginous Hawk migration ecology, such as avoiding migration routes, topographic features

frequently used during migration, or using shut-downs during peak migration seasons (Liechti et

al. 2013).

Identifying potential conflict risk between wind energy development and a species at risk
prior to large-scale expansion is important to minimizing long-term risk (Drewitt and Langston
2006, Carrete et al. 2012, Fargione et al. 2012, Balotari-Chiebao et al. 2016). Minimizing risk
during the pre-construction phase is particularly crucial at a time when wind farm development
in Canada is expected to exponentially increase, particularly in Alberta and Saskatchewan where
aggressive renewable energy development goals have been set. Alberta is expected to increase
wind energy production from 1500 MW to a minimum of 4000 MW by the year 2030, and
Saskatchewan plans to increase its capacity from 200 MW to 2000 MW by the year 2030
(Canadian Wind Energy Association 2016). The majority of this development is expected to
occur within Ferruginous Hawk range because the open flat terrain in the grasslands natural
region is conducive to large-scale commercial wind development (Fargione et al. 2012).
Therefore, prioritizing low conflict risk zones for development should minimize risk to this
Threatened species (Kiesecker et al. 2011, Zimmerling et al. 2013) and set a high standard for

balancing energy development and wildlife conservation.
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TABLE 1. POTENTIAL CONFLICT RISK BETWEEN FERRUGINOUS HAWKS AND WIND FARM

DEVELOPMENT, AS RANKED BY ‘RELATIVE PROBABILITY OF HOME RANGE SELECTION BY

HAWKS’ SPATIALLY OVERLAID ONTO WIND DEVELOPMENT POTENTIAL FOR 50-M TALL

TURBINES. CONFLICT RISK IS PREDICTED TO INCREASE AS RESOURCES SELECTION FUNCTION

(RSF) VALUES INCREASE IN AREAS WITH MEDIUM TO HIGH WIND DEVELOPMENT POTENTIAL

(WDP).
RSF Ferruginous Hawk habitat selection bin (1 = low, 5 = high)
WDP? 1 2 3 4 5
1 Low Low Low Low?® Low?®
2 Low Low Low Low?® Low?®
3 Low Medium Medium Medium Medium
4 Low Medium
5 Low Medium
6 Low Medium
7 Low Medium

®Lands with high potential for conservation value to Ferruginous Hawks.

#No landscapes within the Ferruginous Hawk range in Alberta and Saskatchewan fall into WDP

8.
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TABLE 2. POTENTIAL CONFLICT RISK BETWEEN FERRUGINOUS HAWKS AND WIND ENERGY
DEVELOPMENT, AS RANKED BY ‘RELATIVE PROBABILITY OF HOME RANGE SELECTION’ BY
HAWKS SPATIALLY OVERLAID ONTO WIND DEVELOPMENT POTENTIAL FOR 80-M TALL
TURBINES. CONFLICT RISK IS PREDICTED TO INCREASE AS RESOURCES SELECTION FUNCTION

(RSF) VALUES INCREASE IN AREAS WITH MEDIUM TO HIGH WIND DEVELOPMENT POTENTIAL

(WDP).
RSF Ferruginous Hawk habitat selection bin (1 =low, 5 = high)
WDP 1 2 3 4 5
1 Low Low Low Low?® Low?®
2 Low Low Low Low?® Low?®
3 Low Low Low Low® Low®
4 Low Medium Medium Medium Medium
5 Low Medium
6 Low Medium
7 Low Medium
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TABLE 3. RESULTS FROM THE TOP RANKED MODELS, COMPOSED OF TOP VARIABLE CLASSES,

COMPARING MODEL FIT FOR HOME RANGE HABITAT SELECTION OF FERRUGINOUS HAWKS (N =

2147 USED QUARTER-SECTIONS) FROM ALBERTA AND SASKATCHEWAN, CANADA, 2005 —

2010. A MODEL’S AAIC IMPROVES AS VARIABLE SETS ARE ADDED AND THE ADDITION OF

SOIL CHARACTERISTICS RESULTED IN THE BIGGEST DIFFERENCE IN AAIC.

Geography Land Soil Climate Industry k LL AIC AAIC Wi
X X X X X 27 -4,829.20 9,714.41 0.00*  0.99
X X X X X 34 -4,827.42 9,724.84 10.43  0.01
X X X X 31 -4,849.72 9,763.43 49.02  0.00
X X X X 31 -4,863.98 9,791.96 77.55 0.00
X X X 23 -4,889.94 9,837.88  123.47 0.00
X X X 26 -4,972.37 9,998.73  284.32  0.00
X X X 26 -5,018.76 10,091.52  377.11 0.00
X X 23 -5,027.98 10,103.97  389.56 0.00
X X 11 -5,203.23 10,430.47  716.06 0.00
X X 9 -5264.57 10,549.14  834.73  0.00
X X 9 -5345.71 10,711.43  997.02  0.00
X 6 -5,382.19 10,778.37 1,063.96  0.00

X 17 -5,453.27 10,942.54 1,228.13  0.00

X 3 -5,467.58 10,943.15 1,228.74 0.00

X 3 -5,559.46 11,126.92 1,412.51 0.00

X 5 -5,585.35 11,182.70 1,468.29 0.00

# Final all-inclusive model with variables p-value >0.10 removed.
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TABLE 4. STANDARDIZED VALUES FOR THE ALL-INCLUSIVE MODEL DEVELOPED FROM

GEOGRAPHY, LAND COVER, SOIL, CLIMATE, AND INDUSTRIAL VARIABLE CLASSES AS MODELED

FOR FERRUGINOUS HAWK HOME RANGE HABITAT SELECTION IN SOUTHERN ALBERTA AND

SASKATCHEWAN, CANADA, 2005 —2010.

95% CI
Variable Class Variable B SE p-value Lower  Upper
Geography longitude -39.350 3.172 0.000 -45.568 -33.132
longitudeQ  -39.029  3.164  0.000 -45.231 -32.827
latitude 33.672  4.201 0.000 25.438 41.905
latitudeQ -34.320 4229  0.000 -42.608 -26.032
Land cover grass2500 1.201 0.170 0.000 0.868 1.533
grass2500Q -0.958  0.150  0.000 -1.252 -0.664
edge2500 0.457  0.124  0.000 0.214  0.700
edge2500Q -0.435  0.100  0.000 -0.630 -0.239
waterdist In  -0.911 0.028 0.000  0.146 -0.037
Soil ve -0.204  0.053 0.000 -0.031 -0.100
ch -0.285  0.039  0.000  0.036 -0.209
rg -0.455  0.046  0.000 0.540 -0.370
lu -0.147  0.088 0.095 -0.320  0.025
fluv 0.195  0.030 0.000 0.136  0.253
gllc -0.378  0.045 0.000 -0.465 -0.290
glfl 0.180  0.029  0.000  0.123 0.236
till 0.137  0.039  0.000 0.061 0.213
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Climate

Industry

Constant

resd

eoli

rkud

silta
vfsana
tmxspr
tmxsumstd
rdpet2500

oildist

-0.216

0.112

-0.148

-0.125

-0.212

0.139

-0.242

0.163

-0.213

-2.296

0.046

0.026

0.043

0.036

0.045

0.058

0.036

0.024

0.048

0.038

0.000

0.000

0.000

0.001

0.000

0.016

0.000

0.000

0.000

0.000

-0.306

0.064

0.232

0.195

0.299

0.026

0.313

0.115

0.307

-2.369

-0.126

0.164

-0.065

-0.054

-0.124

0.252

-0.172

0.211

-0.119

-2.222
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Equations

EQUATION 1. RESOURCE SELECTION FUNCTION EQUATION.

RSF = s = exp (BiX: + B2X> ... +B.Xy)
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Relative probability of selection

Proportion of grass

FIGURE 1. PREDICTED RELATIVE PROBABILITY OF HOME RANGE HABITAT SELECTION BY
FERRUGINOUS HAWKS IN ALBERTA AND SASKATCHEWAN, CANADA, 2005 — 2010, RELATIVE

TO PROPORTION OF NATIVE GRASSLAND WITHIN 2.5 KM OF THE NEST WHEN ALL OTHER MODEL

VARIABLES ARE HELD AT THEIR MEAN VALUES.
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FIGURE 2. RELATIVE PREDICTED PROBABILITY OF HOME RANGE HABITAT SELECTION BY
FERRUGINOUS HAWKS IN ALBERTA AND SASKATCHEWAN, CANADA, 2005 — 2010, RELATIVE

TO GRASS-CROPLAND EDGE DENSITY THAT WAS WITHIN 2.5 KM OF THE NEST WHEN ALL OTHER

MODEL VARIABLES ARE HELD AT THEIR MEAN VALUES.
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Relative probability of selection

Distance to nearest water (km)

FIGURE 3. RELATIVE PREDICTED PROBABILITY OF HOME RANGE HABITAT SELECTION BY
FERRUGINOUS HAWKS IN ALBERTA AND SASKATCHEWAN, CANADA, 2005 — 2010, RELATIVE

TO THE DISTANCE TO NEAREST WATER WHEN ALL OTHER MODEL VARIABLES ARE HELD AT

THEIR MEAN VALUES.
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FIGURE 4. RELATIVE PREDICTED PROBABILITY OF HOME RANGE HABITAT SELECTION BY
FERRUGINOUS HAWKS IN ALBERTA AND SASKATCHEWAN, CANADA, 2005 — 2010, RELATIVE

TO DISTANCE TO NEAREST ACTIVE OIL WELL WHEN ALL OTHER MODEL VARIABLES ARE HELD

AT THEIR MEAN VALUES.
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FIGURE 5. PREDICTIVE MAP OF PROBABILITY OF HOME RANGE SELECTION BY FERRUGINOUS

HAWKS IN ALBERTA AND SASKATCHEWAN, CANADA, 2005 —2010. GREY SHADING

INDICATES RELATIVE PROBABILITY OF SELECTION, WHERE DARKER SHADING DENOTES HIGHER

SELECTION COMPARED TO LIGHTER SHADING. RIVERS ARE OUTLINED IN BLUE. THIS MAP IS
RESTRICTED TO CURRENT RANGE OF FERRUGINOUS HAWKS IN ALBERTA AND

SASKATCHEWAN.
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FIGURE 6. PREDICTED POTENTIAL CONFLICT RISK BETWEEN FERRUGINOUS HAWKS AND WIND
ENERGY DEVELOPMENT IN SOUTHERN ALBERTA AND SASKATCHEWAN, CANADA, 2005 —2010.
TURBINE HUB HEIGHT SCENARIOS ARE MAPPED BY A) 50 M AND B) 80 M. BLACK SHADING
INDICATES AREAS WITH HIGH ENVIRONMENTAL LIABILITY WHERE WIND DEVELOPMENT
POTENTIAL IS HIGH AND RELATIVE PROBABILITY OF SELECTION BY FERRUGINOUS HAWKS IS
ALSO HIGH. STIPPLED AREAS IDENTIFY AREAS WITH HIGH CONSERVATION VALUE BECAUSE

THE WIND DEVELOPMENT POTENTIAL IS LIKELY LOW, BUT PROBABILITY OF SELECTION BY

HAWKS IS HIGH.
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Chapter 3: Managing cumulative effects for species at risk using a habitat-based

framework

Abstract

Linking habitat resources and fitness is critical to understanding the effects of landscape
change on wildlife populations. Landscape change from multiple land uses can result in
cumulative effects, which can negatively impact habitat use and reproductive performance, even
resulting in potential habitat mismatches for populations. Spatially-explicit models can be used
to evaluate cumulative effects and develop habitat-based frameworks to identify, prioritize, and
manage species at risk over large spatial extents. In Canada, farming, ranching, and petroleum
extraction are dominant land uses within the Ferruginous Hawk (Buteo regalis) range and could
influence on their population demography. We developed nest abundance and reproductive
performance models to evaluate potential additive and synergistic cumulative effects of multiple
land uses. We used these models to produce spatially-explicit maps and overlayed the maps to
identify potential habitat mismatches, where nest abundance and reproduction were negatively
associated. Lastly, we categorized the species range using two spatially-explicit habitat-based
frameworks described by relative nest abundance and nest survival. Ferruginous Hawk relative
nest abundance and nest survival were both highest in heterogeneous landscapes with moderate
amounts of cropland and grassland, and moderate edge density. Density of active oil wells was
negatively associated with nest survival, while density of active gas wells was positively
associated. We did not find any synergistic relationships between land cover and industrial

development. Mapping the Ferruginous Hawk range using a spatially-explicit habitat-based
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framework was useful for categorizing landscapes. Our approach identified important landscapes
for habitat conservation, which are those with high relative nest abundance and high nest
survival. We also identified landscapes where additional habitat management may be needed,

those with high relative nest abundance but low nest survival.

Keywords

habitat mismatch; non-ideal habitat; energy development; risk assessment

Introduction

A species’ presence in a human-altered landscape does not indicate that development has
a positive or even neutral influence on the species (Best 1986). Individuals may use less suitable
habitat or lower quality habitat (the latter being defined as habitat characteristics associated with
lowered reproductive performance) for many reasons (Pulliam 1988, Dunning et al. 1992, Battin
2004). For example, some landscapes act as ecological sinks or even attractive ecological traps
(Kristan 2003, Battin 2004, Robertson and Hutto 2006). In such scenarios, landscapes provide
habitat to a species, but do not contribute to overall population growth rate because of poor
reproductive success or survival (Kawecki 1995, Kristan 2003). Individuals can also be
displaced by conspecifics from suitable or high quality habitat and use less suitable or lower
quality habitat because they are forced to (i.e., ideal despotic distribution (Fretwell and Calver
1969, Fretwell 1972)). Assuming that human-altered landscapes containing animals provide a

positive or neutral contribution to animal population growth can be problematic, particularly if
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there are ecological thresholds where small landscape changes result in significant changes to
reproductive performance or survival (Swift and Hannon 2010). Evaluating habitat quality, the
link between habitat resources and fitness, is critical to understanding the effects of landscape

change on wildlife populations (Aldridge and Boyce 2007).

Agriculture has resulted in habitat loss, degradation, and fragmentation of grassland
ecosystems worldwide (Hoekstra et al. 2005, Krauss et al. 2010). Agriculture is responsible for
the most land cover change In North American, with over 80% of native grasslands having been
converted to cropland (Samson and Knopf 1994). These habitat and landscape changes have
been linked to population declines and range contractions for many grassland and shrub-steppe
species (Herkert 1994, Vickery and Herkert 1999, Murphy 2003, Brennan and Kuvlesky 2005,
Krauss et al. 2010). However, some species historically associated with grassland are observed
using landscapes with high proportions of cropland (Best et al. 1997, Murray et al. 2003), while
others are found along the entire gradient of cropland cover (Murray et al. 2003). Whether these
species have adapted to use agricultural landscapes or if there is a difference in the fitness of

individuals between native grassland and cropland dominated areas remain poorly understood.

The human footprint in the Great Plains includes more than cropland however (Copeland
etal. 2011). Human settlement features, such as roads, rural and urban residences (i.e. farms and
houses), planted trees, lights, and power lines, are widespread. Extensive energy development
has also resulted in more industrial infrastructure (e.g., oil and gas wells, compressor stations,
road networks, and power lines) and potential disturbance (e.g., industrial noise, vehicle traffic).
The additional infrastructure and human activity can negatively affect some wildlife populations
in the grasslands (songbirds, (Hethcoat and Chalfoun 2015a, Bernath-Plaisted and Koper 2016);

Greater Sage-Grouse (Centrocercus urophasianus) (Naugle et al. 2011); American pronghorn
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(Antilocapra americana), (Beckmann et al. 2012); mule deer (Odocoileus hemionus), (Sawyer et
al. 2009, Lendrum et al. 2012)). Cumulative negative effects of energy extraction are of
particular concern in the Great Plains because energy leases currently occupy ~21% of all
grassland in Western North America (Copeland et al. 2011) and may increase with market
demand. Hence, consequences to wildlife populations could occur at large spatial extents,

particularly if development continues.

Tracking the effects of multiple land uses, from cultivation to energy extraction, is
challenging because the effects may be cumulative (Johnson et al. 2005, Sorensen et al. 2008,
Sawyer et al. 2009, Johnson 2013). Cumulative effects can be additive where the total impact is
the sum of each effect, but synergistic effects are also a concern because interactions among the
various effects of human development can be potentially greater, less predictable, and more
complex to manage (Crain et al. 2008, Coté et al. 2016). For most species, it is unknown whether
anthropogenic changes to a landscape have an additive or synergistic cumulative effect.
Identifying the nature of cumulative effects is critical to integrated land use planning and wildlife
management because that can help predict the magnitude and rate of overall impacts to wildlife

populations (Naugle et al. 2011).

Little attention has been paid to cumulative effects on habitat quality, which can
potentially increase negative repercussions for wildlife populations if habitat use or animal
density is not correlated with reproductive performance (Aldridge and Boyce 2007). This
problem becomes even more important with species at risk. In grassland systems, few studies
have shown a clear link between animal density, habitat selection, and reproductive performance
in relation to area of grassland. Yet the default explanation for grassland species decline is the

loss of native grassland habitat. For example, Ferruginous Hawks (Buteo regalis) were listed as
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a Threatened Species in the Species At Risk Act in Canada because of a 50% decline in
population and a 50% range contraction since the 1990s (COSEWIC 2008). Habitat loss, in the
form of grassland conversion to cropland, has been frequently suggested as the major driver for
this decline (Schmutz 1984, Schmutz 1987a). However, Ferruginous Hawks do nest in areas
with extensive cropland, and research suggests that they are most abundant in landscapes with a
mixture of cropland and grassland (Schmutz 1989) (Chapter 2). Ferruginous Hawks have been
observed successfully raising young in landscapes dominated by cropland, but whether the
amount of cropland around a nest influences survival or reproductive performance. Ferruginous
Hawk habitat use and reproduction may also be influenced by energy extraction (Keough and
Conover 2012, Wallace 2014, Wallace et al. 2016a, Wallace et al. 2016b, Wiggins et al. 2017),

but it is unknown if agricultural and industrial development interact to influence hawk ecology.

Another concern for species a risk is a mismatch between habitat use and reproductive
performance, where habitat use is high and reproduction is low. This mismatch can result in
depressed survival and productivity for the population (Kristan 2003, Nielsen et al. 2006).
Habitat use or density of animals is often positively correlated with the fitness of individuals in a
particular habitat. However, this positive correlation should not be assumed without
demographic data (Van Horne 1983). Landscape change, such as human alteration, can result in
unexpected mismatches because environmental cues used by birds to identify high-quality
habitat may not be reliable if there is a mismatch with subsequent levels of reproduction and
survival (Arlt and Péart 2007, Chalfoun and Martin 2007, Gilroy et al. 2011). For example,
specific habitat characteristics may be important to Ferruginous Hawks, such as short grass for
increasing prey capture efficiency. However, when cropped/cultivated or tame grass (i.e.,

planted non-native grass) landscapes have short vegetation in the spring when Ferruginous
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Hawks select home ranges and nest sites, but crop fields quickly grow tall and dense vegetation
by summer, it may make it difficult for hawks to detect and capture mammalian prey. Linking
reproductive performance to habitat use is required to assess habitat quality and to identify
landscape characteristics or features that could be ecological sinks or traps (Kokko and
Sutherland 2001, Robertson and Hutto 2006). Mapping predictive models of habitat use and
reproductive performance would identify spatially-explicit areas of high and low habitat quality,
as well as potential mismatches. These landscapes could be categorized into a habitat framework
and help managers identify areas of high conservation value that contribute the most to
population recovery, as well as areas that require action to reduce negative impacts to

populations (Aldridge and Boyce 2007, Nielsen et al. 2009).

Our objectives were to 1) assess which potential cumulative effects of landscape and
human development features influence Ferruginous Hawk habitat quality, 2) evaluate whether
any identified cumulative effects are additive or synergistic, 3) identify potential habitat
mismatches by comparing spatially-explicit relative nest abundance and reproduction
performance models, and 4) produce spatially-explicit maps using habitat-based frameworks.
First, we developed an abundance model to determine how environmental and anthropogenic
variables influence the relative abundance of Ferruginous Hawk nests at a relatively large spatial
scale. Next, we evaluated if nest survival, clutch size, or fledging rate changed across the same
gradient of human-altered landscapes, and assessed whether any cumulative effects associated
with multiple land uses were additive or synergistic. We hypothesized that cropland and
grassland provide habitat characteristics important to Ferruginous Hawks and that home ranges
are selected in landscapes with both land cover types. Therefore, we predicted that nest

abundance would be highest in landscapes containing both cropland and grassland. Ferruginous
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Hawk breeding density and productivity is closely tied to Richardson’s Ground Squirrel
(Urocitellus richardsonii) abundance (Schmutz and Hungle 1989b); therefore, we hypothesized
that reproductive performance would be linked to landscapes with high prey abundance and
availability. We also predicted that reproductive performance would be highest for nests
surrounded by a high proportion of grassland and high edge densities. Grassland is associated
with Richardson’s Ground Squirrels (Downey et al. 2006) and edges may increase prey
accessibility for hawks due to higher abundances of perches associated with edges (i.e. fence
posts and power poles) or prey may be more accessible to capture due to shorter vegetation
(Bechard 1982). Next, we compared our abundance model to reproductive performance models
to determine if similar landscape characteristics influence both relative abundance of nests and
also reproduction, thereby identifying potential habitat mismatches or non-ideal habitat selection.
Lastly, we categorize landscapes into habitat states and habitat quality to identify where habitat

mismatches may be occurring.

Methods

A detailed description of data collection and the model approach used to develop base

models can be found in Appendix B.

Study Area
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Our study area included Ferruginous Hawk nests located throughout southern Alberta and
Saskatchewan (centre at 50° 10' 11.604" N, 109° 55' 39.6048" W) (Figure 7). This represents the
majority of the Ferruginous Hawk northern range (Ng et al. 2017). The study area encompasses
approximately 153,000 km? of fescue, mixed-moist grassland, and shortgrass ecoregions where
land cover is predominantly cropland and grassland. Grassland is generally composed of blue
gramma grass (Bouteloua gracilis), needle and thread grass (Stipa comata), and wheat grasses
(Elymus spp.). The grasslands are often grazed by cattle. Cropland is predominantly canola
(Brassica spp.), cereals such as wheat, clover (Trifolium spp. and Meliliotus spp.), and pulse
crops (e.g., Pisum spp., Lens spp., dry beans). Other major land uses include oil and gas
extraction and wind power generation. Spring temperatures (March - May) averaged 6.5°C and
summer temperatures (June - August) averaged 18.7°C (Medicine Hat, Alberta, Environment
Canada and Climate Change). On average, cumulative precipitation during spring is 82.7 mm

and 135.9 mm during the summer.

Relative nest abundance

Sampling Method

In 2012 and 2013, systematic surveys were conducted throughout the study area using a
stratified random sampling design. The study area was delineated into 9.6 km by 9.6 km survey
blocks (hereafter block). The study area was stratified to ensure surveys were distributed
geographically across the Ferruginous Hawk range in Alberta and Saskatchewan. We then

randomly selected blocks within each strata so that we had a balanced randomized design
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(approximately equal number of blocks within high versus low levels of each landscape
characteristic). The landscape was stratified by the proportion of cropland, density of
transmission lines, road density, and oil & gas well density in each block using GIS layers (ESRI
2012). Survey routes were on roads, but were selected to survey through all available land cover
types within each block, as well as to cover the maximum area possible within the block. Blocks

were surveyed once and different blocks were sampled each year.

Model development

Predictor variables

We developed a base model to control for those variables that could potentially influence
relative nest abundance but that were not related to our primary questions of how land cover and/
or industrial development influence relative abundance of hawks. See Appendix B for a detailed
description of how we decided which variables to include in the base model. The variables in

our best base model were latitude, longitude, and area-weighted proportion of regosolic soil.

Land cover variables were measured at the scale of a township (9.6 km by 9.6 km). We
quantified the proportion of grassland and the edge density within each block. Edge density was
measured as kilometres of grassland-cropland interface. We also assessed total edge density by
combining the sum of grassland-cropland interface, water body and wetland edge, and road

length.
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Industrial features were also quantified in each survey block. Length of transmission
lines, pipelines, and roads were quantified from digital spatial products (Table 16). We also
counted the number of oil and gas wells. No wind turbines were located in survey blocks or near
nests in this study. Density variables were assessed both in continuous and categorical forms,
using natural breaks in histograms to describe density as low/medium/high, low/high, or

presence/absence.

Cumulative effects model

STATA version 13.0 (StataCorp 2013) was used for statistical analyses. Data was
explored for outliers, homogeneity of variances, excess zeros, collinearity, model structure, and
overdispersion (Zuur et al. 2010). Prior to analysis, all predictor variables were standardized to
zero mean and unit variance. This was done to allow direct comparison of the magnitude of each
variable by scaling the data to the same units. Thus, variables with more extreme coefficients

have a greater effect on Ferruginous Hawk abundance than those with coefficients closer to zero.

We used Poisson regression, with the count of Ferruginous Hawk nests found within
blocks as the response variable. An abundance model was built using a stepwise approach and
validated using an external dataset collected by Alberta Environment and Parks. We started by
testing variables in univariate models and evaluated if the variable improved prediction of the
external dataset. Predictive performance relative to the validation data was evaluated using
Spearman’s rho, and its p-value and correlation coefficient. Only variables that had a statistically
significant (p-value <0.05) Spearman’s rho were included in the next model. Significant

variables formed a global model, that we then reduced by removing any variables with a p-value
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< 0.15 in a backward stepwise procedure. As each variable was removed, we checked that the
model’s Spearman’s rho was increasing and the associated p-value was decreasing and remained
below 0.05. Lastly, the model was further reduced by removing variables if they became non-
significant (p-values > 0.10) and their exclusion improved the predictive performance of the
model (Arnold 2010). The final model only included statistically significant variables (p-value

<0.05). For a detailed description of the model approach, please see Appendix B.

Reproduction Models

Nest monitoring

We monitored Ferruginous Hawks nests between 2010 and 2015 to collect reproductive
metrics. As nests were found, we used GIS to quantify landscape and human development
characteristics within a 2.5 km radius of each nest. By quantifying the landscape each home
range, we were able to subsample Ferruginous Hawk nests that fit our stratified sampling design.
We monitored a relatively equal number of nests across high to low levels of grassland cover and

industrial intensities.

Nests were monitored weekly throughout the breeding season, with a subsample of nests
monitored every two weeks or more. At each visit, we recorded nest contents (i.e., clutch size,
number of live young) and whether the nest was active or inactive. Once the nest became

inactive, we recorded nest fate (i.e., successful when naturally fledged at least one young),
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source of nest mortality when known, date of nest outcome, number of young fledged, and other

reproduction parameters. See Appendix B for a detailed description of data collection.

Predictor variables

Landscape and human development variables were quantified similarly to our relative
nest abundance analyses, except variables were quantified using GIS within a 2500 m radius of
each nest. In addition proportion of grass and edge density, we also measured the distance to
nearest water from each nest. For industrial features, transmission lines, oil and gas wells,
pipelines, and roads were quantified around each nest. We categorized natural gas wells and oil
wells as low (0 wells), medium (<25 wells), and high (>25 wells) (IHS Energy 2013). Distance

to nearest industrial feature was also included in the reproduction analyses.

Model development

We modeled daily nest survival using logistic nest exposure (Shaffer and Burger 2004).
Clutch size and fledge rate were modeled using mixed effect Poisson regression, with individual
nest as random effect. In the fledge rate analyses, we excluded failed nests (i.e. nests that did not
fledge any young) because nest failure was included in the nest survival analyses. The
mechanisms that influence nest failure and fledge rate may be different and this analysis focused

on understanding productivity.
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We started our model selection procedure by creating broad variable classes: base, land
cover, and energy. Similar to the relative nest abundance model, we developed a base model to
account for variation not explained by landscape or human development variables. The base
model included landscape ruggedness, nest structure type, nest stage, year, date of first nest visit,
nest age, hatch date, and mean temperature of the previous winter, spring, and month of visit. A

detailed description of our base model and the variables evaluated is included in Appendix B.

We used a forward step-wise approach to test for additive and synergistic effects of land
cover and industrial development. Whole variable classes were included or excluded in each
model. We tested for a priori interactions between land cover and industrial variable (Table 7).
Each model was further simplified by removing variables that were not statistically significant
(p-value >0.10) and were removed one-by-one using a backward stepwise approach, where the
least significant variable was removed at each step (Arnold 2010). If the removal of the variable
did not also improve the AIC, it was left in the model. AUC/ROC scores were checked after each
variable was removed to assess any large decreases to model performance. This process was
repeated until all variables in the model were highly predictive (p-value <0.10) or the delta AIC
started to increase. This procedure ensures that each competing model remains as parsimonious
as possible while only including statistically important variables. This series of stepwise
procedures increases the certainty that variables influence the response variable. The best model
is the model with the lowest delta AIC, the most parsimonious, and the most predictive based on
receiver operating characteristic (ROC) curve. This selection procedure was used to model daily

nest survival, clutch size, and fledging rate.

For a detailed description of the model approach, please see Appendix B.
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Mapping

We used coefficients from the relative nest abundance and nest survival models to

generate predictive maps across southern Alberta and Saskatchewan.

We used the predictive relative nest abundance and nest survival maps to generate two
maps that show habitat state and habitat quality across townships in southern Albert and
Saskatchewan. We adapted a previously developed framework for habitat state (Nielsen et al.
2006, Aldridge and Boyce 2007) that describes five habitat states: primary habitat (high nest
abundance and high nest survival), secondary habitat (low-moderate nest abundance and high
nest survival), high concern (high nest abundance and low nest survival), moderate concern
(low-moderate nest abundance and low nest survival), and low concern (low nest abundance)
(Table 5). Lastly, we mapped habitat quality by categorizing townships into low (areas with low
to moderate abundance and low nest survival), moderate (low to moderate nest abundance and
high nest survival), and high (high abundance and high nest survival) quality based on predicted

relative nest abundance and nest survival (Table 5).

To create these maps, we categorized relative nest abundance by first estimating the
number of nests per township. We used our model predictions, which are based on surveys that
were 20 — 30 km long. We estimated that surveys covered approximately half of a township and
assumed high nest detection probability within 800-m distance from a road. Using this estimated
survey area, we multiplied predicted values by 1.92 to extrapolate the predicted number of nests
per township. This coarse estimation allowed us to categorize townships into low (i.e., zero
nests), moderate (1 nest), and high (>1 nests). We also averaged nest survival within each

township and categorized predicted nest survival into low (0.0 to 0.25), moderate (0.26 to 0.50),

62



and high (>0.51). We overlayed the predicted relative nest abundance map with the nest survival

map to generate the habitat state and habitat quality.

Results

See Appendix B for a complete description of results, including results for base models

of both relative nest abundance and reproductive performance analyses.

Relative abundance model

We included 223 blocks in this analysis. Of these, 63 were conducted in 2012 and 159 in
2013. The number of nests per block ranged from zero to four nests, where one nest was found
in each of 42 blocks, two in 19 blocks, three in 7 blocks, and four in two blocks. Surveys were
25.84 km long on average (SE = 4.14) and were conducted between April 18 and May 16 (mean

= May 6, mode = May 8).

Controlling for spatial pattern, we found that the proportion of grass and edge density
were the most important land-cover predictors of Ferruginous Hawk nest abundance. There was
a strong quadratic relationship with proportion grass and edge density, with Ferruginous Hawk
predicted to be most abundant in blocks with 49% grass (Figure 8, Table 6). Edge density,
defined as the sum of grassland-cropland interface, road density, and water body and wetland

edge, predicted Ferruginous hawk nest abundance to increase until moderate edge density (~400
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- 500 km in surrounding township-sized area) and then to decrease until the maximum 700 km

edge density.

Nest Survival

Nests monitored any year between 2010 and 2015 were included in this analysis. In total,
we included 728 nest locations, 1534 nest attempts, and 4384 nest visits in the nest survival

analyses.

A higher proportion of grassland surrounding the nest was negatively associated with nest
survival (Figure 10). Nest survival decreased in areas with high and low amounts of edge,
including grassland-cropland interface, water body and wetland edge, and roads. Moderate

amounts of these edges, between 400 and 500 km, predicted highest nest survival.

Nest survival was higher in areas with a medium density of active oil wells, but lower in
areas with a high density of active oil wells. In comparison, nest survival was higher for nests

surrounded by medium and high densities of active gas wells.

The additive cumulative effects model was the top model (Table 7, Table 8) because it
had the lowest delta AIC with the fewest variables and a comparable area under the curve (AUC)
(Figure 11). Two synergistic models had lower delta AICs, but had more parameters plus the

added complexity of an interaction term that added little to their predictive power.

Validation for nest survival model
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The final nest survival model had an AUC of 0.84, suggesting the nest survival model is

excellent (Hosmer and Lemeshow 2005).

Clutch Size

From 2010 to 2015, we observed the nest contents during incubation at 415 Ferruginous
Hawk nesting attempts for 321 individual nests across our study area. Clutch sizes ranged from

1 to 6 eggs, with a mean of 3.24 + 1.07 SD.

Landscape and industrial development variables did not predict clutch size.

Fledge Rate

Between 2010 and 2015, we determined nest outcomes for 1,235 nesting attempts at 779
individual nests. Of these nesting attempts, 67.13% of nests successfully fledged at least one
young (Table 20). Of successful nests, we observed 765 successful nesting attempts with known
fledgling counts at 530 individual nests. Of successful nests, fledging rate ranged from 1 to 6

young, with a mean of 2.39 + 1.00 SD.

There were no landscape or industrial development variables that predicted fledge rate.

Mapping
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The predicted relative nest abundance ranged from 0 to 4 nests per township, where 56%
of townships likely have low abundance (0 nests). Predicted average nest survival per township
ranged from 0.02 to 0.62 and had a mean of 0.30 £+ 0.09 SD. When relative nest abundance and
nest survival were overlayed together, habitat state and habitat quality maps were generated
(Figure 12). Primary habitat and high quality habitat covers 10.1% of the species range (Figure
12). Low quality habitat covers 63.7%; however, the majority is of low concern (55.8%) because

predicted nest abundance is low in those areas.

Discussion

Land cover composition and edge density were important predictors of habitat quality for
Ferruginous Hawks, which is consistent with our predictions. Heterogeneous landscapes
predicted both relative nest abundance and nest survival, which suggests that land management

approaches can be a useful tool for conservation and recovery of Ferruginous Hawks.

Relative nest abundance peaked in township-sized heterogeneous landscapes with
approximately 50% grassland and 50% cropland. This pattern is similar to a previous study in
Canada that found hawk nest density highest in landscapes with 70-90% grassland (Schmutz
1989). Heterogeneous land cover also predicts home range habitat selection, which in Canada is
highest in areas with 45% grassland (Chapter 2). Other studies found hawks were more likely to
nest in landscapes with higher amounts of grassland (Gilmer and Stewart 1983, Roth et al. 1989,
McConnell et al. 2008, Wiggins et al. 2014) or lower amounts of grassland (Coates et al. 2014b).
Moderate edge density predicted relative nest abundance, where hawk nests were most abundant

in townships with ~5.4 km/km? of edge. Similarly, home range habitat selection (2500 m radius)
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was most likely in landscapes with ~2.3 km/km? of edge (Chapter 2), suggesting that hawks’
habitat characteristics may differ at multiple spatial scales. A possible mechanism behind these
patterns is tree availability for nesting, which may differ relative to land cover composition. Tree
availability can be a predictor of Ferruginous Hawk occupancy (Kennedy et al. 2014), but did
not predict nest density (Schmutz 1989). Future habitat studies should evaluate how tree
availability within prairie landscapes changes with land use and how that may influence nest site

selection.

Nest survival was highest in areas with moderate edge densities and more grassland.
However, contrary to our predictions, landscape characteristics did not predict clutch size nor
fledging rates. We expected that grassland and edges would increase foraging opportunities
either by increasing prey abundance (Zelenak and Rotella 1997, Downey et al. 2006) or
accessibility to prey (Bechard 1982, Marsh et al. 2014). Therefore, we expected these landscape
characteristics to be positively correlated with nest abundance (Schmutz 1989, Carbone and
Gittleman 2002) and productivity (Zelenak and Rotella 1997, Schmutz et al. 2008). However, it
is possible that these landscape characteristics did not influence foraging success, hawks were
equally successful foraging across different landscapes, or contrary to previous studies (Smith et
al. 1981, Schmutz 1987b, Schmutz and Hungle 1989b, Schmutz et al. 2008), foraging and
productivity were not closely associated. A more detailed study of third order and fourth order
habitat selection (Johnson 1980) for foraging habitat and perch use is needed to determine where
hawks are most successful hunting and whether the availability of those features influences nest
productivity. Furthermore, a better understanding of home range size relative to food availability
and, relatedly, the influence of conspecific density on reproductive performance would be

important for understanding the apparent association between nest density and reproduction.
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Industrial development in the prairies has been a concern because the consequent
landscape change and increased human activity may negatively influence Ferruginous Hawk
habitat use. Our study did not find industrial features to be associated with relative nest
abundance, but previous studies found mixed results. Ferruginous Hawks in Alberta and
Saskatchewan were more likely to select landscapes with a higher density of resource roads
(Chapter 2). In Wyoming, they selected higher density of roads that were not associated with
resource extraction (Wallace 2014). Nests were more likely to be in close proximity to active oil
wells in Utah (Keough and Conover 2012), as well as Alberta/Saskatchewan (Chapter 2). Our
study may be best situated to evaluate the influence of industrial development because it was
conducted over a large spatial extent. Furthermore, our stratified study design and even sampling
across a gradient of industrial development intensities allowed us to draw robust conclusions

regarding the influence of oil and gas development on nest abundance.

Nest survival, but not clutch size nor fledging rate, was predicted by several industrial
variables in our study. Nest survival was lowest in landscapes with high densities of oil wells
and conversely, higher for nests in moderate and high densities of active gas wells. Hawks may
be responding differently to different levels of human activity associated with oil and gas
extraction. Areas with high densities of active oil wells (e.g., pumpjacks and screwjacks) are
associated with higher traffic volume and human activity because oil wells are maintained
frequently, sometimes daily, and some have oil frequently hauled from storage tanks at well
sites, using large, loud trucks. In contrast, gas wells are visited infrequently, only a few times a
year. Given that hawks sometimes respond to human disturbance by flushing from nests (White
and Thurow 1985, Schmutz 1987a, Nordell et al. 2017), reproduction may be negatively

impacted by human disturbance when nesting occurs within areas with high densities of active
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oil wells. In contrast, gas wells may provide hawks with perches and a foraging advantage
because gas wells do not have moving parts like active oil wells and are visited much less

frequently for maintenance or other operations.

Future studies should evaluate how perch availability influences hunting success.
Burrowing mammals may be more abundant near well sites because of higher heat, less compact
soil, or shorter vegetation from mowing (for fire-safety) or from vehicle traffic along trails or
over vegetation. Any third or fourth order selection studies (Johnson 1980) of foraging habitat
should also evaluate how ground squirrel abundance is influenced by industrial development.
Linking patterns to mechanisms is critical for predicting how changes to landscapes will

influence Ferruginous Hawk populations.

Previous studies found varying relationships between industrial development and
reproduction. Hawk reproduction was not influenced by oil and gas development (Utah, Keough
et al. 2015; Wyoming, Wallace et al. 2016b; North Dakota, Wiggins et al. 2017). A North
Dakota study found no differences in nest density or fledging rates with increased intensity of
energy extraction; however, hawks were less likely to re-use nests in areas with high intensity
extraction (Wiggins et al. 2017). Conversely, hawks in Wyoming showed only weak negative
relationship between territory re-occupancy and oil and gas development (Wallace et al. 2016a).
Regional and annual differences among studies may account for different patterns in habitat use
and reproductive performance. Next steps should evaluate reproduction over a longer period to

understand how both spatial and temporal variations influence reproduction.

Additive versus synergistic cumulative effects
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Our study found that additive models of landscapes and human development were better
predictors of relative nest abundance and nest survival than synergistic models that we tested.
We tested several models built using a priori interactions between landscape and human
development and found that these interactions only increased the complexity of the models,
without improving model performance. Our study did not find any synergistic relationships
between landscape and human development variables, but managers should still be aware of the
possibility of interactions, including both additive and synergistic effects (Coté et al. 2016).
Synergistic interactions may be less common than previously thought (Coté et al. 2016), but can
still occur (Crain et al. 2008) and should be examined in risk assessments for wildlife
populations (Oliver and Morecroft 2014, Coté et al. 2016). Conditions outside of those included
in our study may have unpredictable effects and it is still difficult to predict types of interactions
when mechanisms are unknown. For example, climate change could alter landscape
characteristics or other ecosystem components (Pachauri et al. 2014) important to Ferruginous
Hawks. Future studies should incorporate climate change forecasts to test for synergistic effects
between seasonal weather and land use, particularly because seasonal weather was an important

predictor for reproductive success.

Habitat quality

We assessed the association between land cover and relative nest abundance and also
reproductive performance to identify potential habitat mismatches. Land cover characteristics
were consistently predictors of home range habitat selection (Chapter 2), relative nest abundance,

and nest survival. Proportion of grassland and edge density each showed similar relationships
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with habitat use and nest survival, suggesting that they can be used as general indicators of
habitat quality at a regional or home range scale. However, influences of edge densities were not
consistent among scales, so caution is needed when developing indicators of Ferruginous Hawk
habitat quality. This difference in edge density between spatial scales is not uncommon
(Aizpurua et al. 2017), and demonstrates that habitat models should not be used as sole

indicators of habitat quality (Paton and Matthiopoulos 2016).

We detected a potential habitat mismatch between relative nest abundance and
reproductive performance when Ferruginous Hawks nest near or in areas with high densities of
active oil wells. Relative probability of home range habitat selection was predicted to be higher
nearer to oil wells (Chapter 2). However, we found that hawks nesting near high densities of oil
wells had lower nest survival compared to hawks nesting away from oil wells. This mismatch is
concerning because Ferruginous Hawks nest in or near areas with high densities of active oil
wells in southern Alberta and Saskatchewan. In addition, artificial nest platforms are commonly
installed in or near areas with high densities of active oil wells to mitigate for disturbance or to
move nesting birds off of energy infrastructure. These platforms may act as an ecological trap in
areas with limited nest structure availability because hawks may select these platforms and
experience reduced nest survival as a consequence for nesting in areas with high densities of
active oil wells. Habitat mismatches have the potential ability to suppress breeding success;
therefore assessing habitat quality for species management should include both relative nest
abundance and reproductive parameters to reduce risk to populations (Arlt and Pért 2007, Gilroy

etal. 2011).
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Habitat state

Categorizing the Ferruginous Hawk range in Canada into habitat states was useful
identifying landscapes important to the population, as well as landscapes that may require
intervention to reduce negative population impacts. At a township scale, approximately 10.1% of
southern Alberta and Saskatchewan that is categorized as primary habitat, where both nest
abundance and nest survival is predicted to be high. The Ferruginous Hawk population could
benefit if these landscapes were protected or conserved. In contrast, approximately 7.91% of the
landscape is moderate to high concern. Hawks would benefit if features on these landscapes were
managed to reduce their attractiveness as habitat or if features, or the underlying mechanisms,
that are associated with reduced nest survival are removed. Lastly, because these landscapes of
concern have been spatially identified, habitat offsets in primary or secondary habitat could also

reduce the overall negative impact on hawk populations.

This habitat state framework is advantageous compared to the habitat quality framework
because it parses out landscapes of low habitat quality into landscapes where habitat relative nest
abundance and reproductive performance are mismatched. Landscapes with moderate to high
concern may have negative impacts to a population because they could act as ecological traps
(Robertson and Hutto 2006, Gilroy et al. 2011). Identifying these landscapes and the
mechanisms behind these patterns is critical to intervention and reducing their negative impact.
Prioritizing these landscapes for management is also important and by parsing out landscapes of
low concern, where nest abundance and nest survival are expected to be low, resources can be

better focused on where intervention will potentially have the most benefit.
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Management implications

Conserving patches of grassland within mosaic landscapes is important for maintaining
Ferruginous Hawk habitat and promoting nest survival because nest abundance and nest survival
were highest in landscapes with moderate amounts of grassland and cropland, and moderate
amounts of edge density. The majority of grassland conservation is focused on conserving large,
contiguous tracts of grasslands, yet moderately-sized grassland patches have the potential to
provide habitat to a host of species that are less area-dependent (Walk et al. 2010), are not
negatively influenced by edges, and do not require habitat corridors. Conserving and restoring
grassland patches in landscapes with a cropland matrix is likely to benefit Ferruginous Hawk

populations in Canada.

Multiple land uses on a landscape can have cumulative effects on Ferruginous Hawk
habitat quality. The identification of landscapes with multiple stressors that influence habitat
suitability and reproductive performance can be used to prioritize habitat stewardship, grassland
conservation and restoration, reclamation of industrial development, and limiting further
industrial development within certain areas (Fedy et al. 2014). Evaluating how human
development in the Great Plains, such as conversion of grassland to cropland or development for
petroleum extraction, influences species at risk and is important for predicting the effect of
further landscape change, prioritizing conservation initiatives, and improving recovery efforts

(Rudd et al. 2011).
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TABLE 5. HABITAT STATE AND HABITAT QUALITY FRAMEWORK FOR FERRUGINOUS HAWKS

NESTING IN SOUTHERN ALBERTA AND SASKATCHEWAN, BASED ON PREDICTED RELATIVE NEST

ABUNDANCE AND NEST SURVIVAL.

Habitat state Habitat quality =~ Description

primary habitat high quality high abundance and moderate to high nest survival
moderate moderate abundance and moderate to high nest

secondary habitat  quality survival

high concern
moderate concern

low concern

low quality
low quality

low quality

high abundance and low nest survival
moderate abundance and low nest survival

low abundance and low-high nest survival
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TABLE 6. STANDARDIZED ESTIMATED COEFFICIENTS (B) AND STANDARD ERRORS (SE) FOR

THE FINAL RELATIVE NEST ABUNDANCE MODEL FOR FERRUGINOUS HAWKS IN SOUTHERN

ALBERTA AND SASKATCHEWAN, FROM 2012 1O 2013.

Variable B SE P 95% CI
Lower Upper

latitude 53.672 20.786 0.01 12.932 94.411
latitude quadratic -0.541 0.207  0.009 -0.947 -0.135
proportion of grass 4914 1.715 0.004 1.552 8.276
proportion of grass quadratic -4.600 1.703  0.007 -7.939 -1.262
edge density 0.016  0.006  0.006 0.005 0.028
edge density quadratic 0.000  0.000  0.025  0.000  0.000
area-weighted proportion of regosolic

-3.252 1.775  0.067 -6.731 0.228

soil
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TABLE 7. AKAIKE’S INFORMATION CRITERION (AIC) SUMMARY FOR LOGISTIC NEST EXPOSURE MODELS TESTING CUMULATIVE
EFFECTS HYPOTHESES THAT PREDICT FERRUGINOUS HAWK NEST SURVIVAL IN SOUTHERN ALBERTA AND SASKATCHEWAN, FROM
2010 T0 2015. WE REPORT MODEL FRAMEWORK (MODEL), MODEL DESCRIPTION FOR INTERACTION/SYNERGISTIC MODELS,
DEGREES OF FREEDOM (DF), LOG-LIKELIHOODS (LL), AIC, CHANGE IN AIC FROM LOWEST MODEL (A AIC), AND AKAIKE

WEIGHTS(W,), AND AREA UNDER THE CURVE (AUC).

Model Interaction description df LL AIC A AIC Wi AUC
base + land *energy edge*oilLMH 28 -945.851 1948.1 0 0.408 0.838
base + land *energy grass*oilLMH 26 -948.316 1949 0.88 0.263 0.839
base + land + energy ! 24 -950.537 1949.3 1.27 0.216 0.837
base + land *energy grass*gasLMH 26 -949.559 1951.4 3.37 0.076 0.838
base + land 21 -955.695 1953.6 5.53 0.026 0.835
base + land *energy edge*gasLMH 28 -949.365 1955.1 7.03 0.012 0.838
base + land 20 -967.741 1975.7 27.6 0 0.829
base 17 -971.557 1977.3 29.18 0 0.827

! The additive model is best because it has the fewest parameters with the lowest delta AIC and highest AUC.



TABLE 8. STANDARDIZED PARAMETER ESTIMATES () AND STANDARD ERRORS FOR THE TOP

NEST SURVIVAL MODEL FOR FERRUGINOUS HAWKS IN SOUTHERN ALBERTA AND

SASKATCHEWAN FROM 2010 TO 2015. WE USED 728 NESTS AND 4,384 NEST VISITS TO BUILD

THE MODEL. SEE TABLE 17 FOR A COMPLETE LIST OF VARIABLES AND THEIR COEFFICIENTS IN

THE TOP MODEL.

95% CI
Variable Estimate SE p-value Lower Upper
proportion of grass -0.175 0.06 0.01 -0.30 -0.05
edge density 0.119 0.06 0.04 0.01 0.23
edge density quadratic -0.063 0.04 0.13 -0.14 0.02
oil well density — low
oil well density - medium 0.214 0.17 0.20 -0.11 0.54
oil well density - high -1.182 0.26 0.00 -1.69 -0.67
gas well density - low
gas well density - medium 0.422 0.15 0.01 0.13 0.72
gas well density - high 0.352 0.16 0.03 0.04 0.67
intercept 3.534 0.42 0.00 2.72 4.35
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TABLE 9. SUMMARY OF SPECIES RANGE CATEGORIZED AS HABITAT STATE AND HABITAT

QUALITY.

Habitat state Proportion of study  Habitat quality Proportion of study area

area

Primary habitat 10.1 High quality 10.1
Secondary habitat 26.17 Moderate quality 26.17
High concern 2.01 Low quality 63.72
Moderate concern 59

Low concern 55.81
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FIGURE 7. STUDY AREA IN SOUTHERN ALBERTA AND SASKATCHEWAN WHERE NEST

SURVEYING AND REPRODUCTIVE MONITORING WAS CONDUCTED FROM 2010 TO 2015.
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FIGURE 8. PREDICTED RELATIVE NEST ABUNDANCE AND 95% CONFIDENCE INTERVALS FOR

FERRUGINOUS HAWK NESTS IN SOUTHERN ALBERTA AND SASKATCHEWAN, AS A FUNCTION OF

A) PROPORTION OF GRASS AND B) EDGE DENSITY WITHIN THE SURROUNDING TOWNSHIP.
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FIGURE 9. PREDICTED RELATIVE NEST ABUNDANCE PER TOWNSHIP BASED ON LANDSCAPE
CHARACTERISTICS OF FERRUGINOUS HAWKS IN SOUTHERN ALBERTA AND SASKATCHEWAN,

AS DETERMINED BY THE FINAL TOP ABUNDANCE MODEL.
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FIGURE 10. PREDICTED NEST SURVIVAL AND 95% CONFIDENCE INTERVALS FOR FERRUGINOUS
HAWKS IN SOUTHERN ALBERTA AND SASKATCHEWAN FROM 2010 TO 2015, AS A FUNCTION OF
A) PROPORTION OF GRASS, B) EDGE DENSITY (KM) WHICH INCLUDED GRASS-CROPLAND
INTERFACE, ROADS, AND WATER BODY AND WETLAND EDGES, C) ACTIVE OIL WELL DENSITY,
WHERE 0 WELLS = LOW, <25 WELLS = MEDIUM, AND > 25 WELLS = HIGH, AND D) ACTIVE GAS
WELL DENSITY, WHERE 0 WELLS = LOW, <25 WELLS = MEDIUM, AND > 25 WELLS = HIGH

WITHIN 2.5 KM RADIUS OF THE NEST.
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FIGURE 11. PREDICTED NEST SURVIVAL BASED ON LANDSCAPE CHARACTERISTICS OF
FERRUGINOUS HAWKS IN SOUTHERN ALBERTA AND SASKATCHEWAN, AS DETERMINED BY THE
FINAL TOP LOGISTIC NEST EXPOSURE MODEL. HIGHER PREDICTED PROBABILITY OF NEST
SURVIVAL, AS SHOWN BY DARKER COLOURS, PREDICTS THAT FERRUGINOUS HAWK NESTS ARE

MORE LIKELY TO SURVIVE UNTIL AT LEAST ONE YOUNG FLEDGES NATURALLY.
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FIGURE 12. A) HABITAT STATE AND B) HABITAT QUALITY FOR FERRUGINOUS HAWKS, AS

PREDICTED BY RELATIVE NEST ABUNDANCE AND AVERAGE NEST SURVIVAL PER TOWNSHIP, IN

SOUTHERN ALBERTA AND SASKATCHEWAN.
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Chapter 4: Landscape characteristics, industrial development, and weather influence

brood provisioning by Ferruginous Hawks

Abstract

Animals should select habitat that optimizes their food intake and relatedly, brood
provisioning. Understanding the linkage between landscape characteristics and weather with
brood provisioning may be particularly important for predators that are central place foragers and
have population dynamics closely linked to a specific prey species. Identifying these linkages
has implications for quantifying habitat quality. We assessed how landscape characteristics,
climate, and weather can potentially influence Ferruginous Hawk (Buteo regalis) brood
provisioning in Canada. We quantified prey deliveries at Ferruginous Hawk nests using video
footage collected at nests. We assessed how land cover composition, edge density, industrial
development, and seasonal weather influenced prey delivery rates, diversity of delivered prey,
and estimated prey biomass delivered to nestlings per day and by season. Our results
demonstrate that the conventional hypothesis that amount of grass cover around a nest is
positively associated with ground squirrel delivery to the brood was not supported, and we found
no strong landscape predictors for ground squirrel delivery rate. Richardson’s ground squirrels
(Urocitellus richardsonii) are the most important prey item in the diet of Ferruginous Hawks
across our broad study area in Canada because they composed the vast majority of biomass
delivered to broods. However, hawks that delivered somewhat more diverse prey were also more
likely to return more total estimated biomass compared to hawks that deliver mostly ground

squirrels. Seasonal weather influenced prey delivery rates, but not diversity. Evaluating how the
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landscape around a nest and seasonal weather influences brood provisioning will inform how

landscape or climate change could potentially increase or decrease habitat quality.

Keywords

Cumulative effects; habitat quality; diet; foraging; habitat effects; habitat fragmentation; habitat

loss

Introduction

Animals are hypothesized to optimally forage under given conditions (Pyke 1984) and
they should, therefore, select habitat that optimizes their food intake (Fretwell and Calver 1969,
Fretwell 1972, Donazar et al. 1993, Schaefer and Messier 1995, Lyons 2005). Predators may
forage where food availability is higher (Lantz et al. 2010, Terraube et al. 2011, Robinson et al.
2014), which can be influenced by many factors. Climate and weather can influence prey
abundance, particularly for small mammals, by affecting their phenology, habitat selection,
survival, and reproduction (Merritt et al. 2001, Heisler et al. 2014, Santoro et al. 2017). Prey may
be more abundant in some locations or areas compared to others because of habitat-specific
availability (Morris 2005, Avila-Flores et al. 2010, Fuhlendorf et al. 2010, Heisler et al. 2013,

Olson et al. 2017).

Selection of foraging habitat by predators may in part reflect prey abundance but also

accessibility of that prey (Cody 1985, Morris et al. 2001). Structural characteristics of the habitat
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can influence a predator’s ability to capture prey (Latham et al. 2011a). For example, some
raptor species are able to capture small mammals more effectively in sparser vegetation, where
these prey are more easily seen and captured, compared to denser vegetation where prey may be
more abundant but harder to detect and capture (Swainson’s Hawks (Buteo swainsonii) (Bechard
1982); Burrowing Owls (Athene cunicularia) (Marsh et al. 2014); Lesser Kestrels (Falco
naumanni) (Rodriguez et al. 2013)). Habitat features, such as perches for predatory birds that
use sit-and-wait techniques, can also improve a predator’s hunting efficiencies (Hall et al. 1981,
Yosef and Grubb 1993, Meunier et al. 2000). Weather can affect day-to-day foraging (Sunde et
al. 2014), such as when storms impair hunting behaviour or reduce detection or activity of prey.
Thus, foraging yield can be influenced by prey abundance and accessibility (Dawson and

Bortolotti 2000, Ontiveros et al. 2005, Wiens et al. 2006, Robinson et al. 2017).

Identifying factors or patterns associated with foraging yield is important during the
breeding season for altricial birds because energy demand is particularly high during that period,
as adults must obtain food to sustain themselves and their growing young (Wellicome et al.
2013). Studies have shown that higher provisioning rates are more likely to be associated with
higher nestling survival (Perrig et al. 2014, Griiebler et al. 2018), growth rates (Granbom et al.
2006), body condition (Dawson and Bortolotti 2000), and number of fledglings per brood
(Wellicome et al. 2013). Habitat may influence provisioning rates and consequently,
reproductive performance (Wakeley 1978, Morris and Davidson 2000, Sergio et al. 2003, Hinam
and St. Clair 2008, Herring et al. 2010). If provisioning rates are related to habitat use and
reproductive success, provisioning rate can be used as an indicator of habitat quality (Griiebler et

al. 2018).
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Understanding the linkage between landscape characteristics and prey delivery to nests
may be particularly important for central place foragers and for predators that are closely linked
to a specific prey species. During the breeding season, Ferruginous Hawks (Buteo regalis)
nesting in Alberta capture mostly Richardson’s ground squirrels (Urocitellus richardsonii),
which make up 89 - 95% of the biomass consumed (Schmutz et al. 1980a, Schmutz et al. 2008).
Studies have shown that Ferruginous Hawk reproductive performance is linked to the availability
of their local primary prey species (Richardson’s ground squirrels in Alberta (Schmutz and
Hungle 1989b, Schmutz et al. 2008), black-tailed jackrabbits in Utah (Smith et al. 1981, Schmutz
and Hungle 1989b). Determining if and how landscape characteristics in a Ferruginous Hawk
home range influence provisioning rate may identify elements important to habitat quality.
Understanding this relationship is important to predicting how landscape change could influence
provisioning rate and potentially, in turn, reproductive success (Griiebler et al. 2018). For
Ferruginous Hawks, this is particularly important because they are a threatened species at risk,
and habitat loss is thought to be a limiting factor influencing their population decline (SAR

Public Registry 2010).

Ferruginous Hawks nest in landscapes that range from low to high amounts of grassland
(Schmutz 1989, Ng et al. 2017); however, it is unknown whether Ferruginous Hawks nesting in
cropland-dominated landscapes have provisioning rates equal to those of hawks nesting in
grassland-dominated landscapes. It is commonly hypothesized that Ferruginous Hawks with
large amounts of grassland in their home ranges have highest brood provisioning rates. The
hawk’s main prey in Canada, the Richardson’s ground squirrel, is more abundant in grassland
than in cropland (Schmutz 1989, Downey et al. 2006, Fortney 2013), and ground squirrels may

be more accessible to hunting hawks in shorter vegetation because prey are more visible and
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with less physical obstruction for prey capture (Bechard 1982). A competing hypothesis is that
hawks may deliver similar amounts of biomass to their brood, either by capturing more diverse
prey or catching similar numbers of ground squirrels in patches of grassland or along land cover
edges, when nesting in mosaic or cropland-dominated landscapes. Evaluating how the landscape
around nests influences brood provisioning should provide insight into how landscape change

may alter habitat quality, in situations where food availability limits reproduction.

We investigated the ecological and anthropogenic factors that influence provisioning at
Ferruginous Hawks nests in Canada. We assessed brood provisioning using digital video footage
at hawk nests located along a gradient of natural to human-dominated landscapes. Our primary
goal was to evaluate if hawks nesting in different landscapes were able to provide similar prey
delivery rates and, using biomass as a proxy, caloric rates to their nests. We hypothesized that
hawks nesting in landscapes with more grassland and higher edge density will deliver the most
food to nests, predicting more specifically that the most ground squirrels and biomass will be
delivered to broods in such landscapes. Second, we examined the relationship between
landscape characteristics, prey delivery rates, and diversity of diet. We hypothesized that
Ferruginous Hawks that nest in more heterogeneous landscapes may opportunistically capture
and deliver a higher diversity of prey to the nest because a range of vegetation heights and edges,
which are associated with heterogeneous landscapes, should be exploited by foraging
Ferruginous Hawks. We predicted that hawks nesting in mosaic grassland-cropland landscapes
with higher edge density would have higher delivery rates and a more diverse prey set. Hawks
delivering a more diverse prey set may also deliver less biomass compared to hawks delivering
primarily ground squirrels because we predicted that most other prey would be smaller than

ground squirrels. We discuss our findings within the context of understanding how the landscape
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surrounding a Ferruginous Hawk nest may influence prey delivery rates and thus have potential

fitness consequences.

Methods

Study Area

Ferruginous Hawk nests were monitored in southern Alberta and Saskatchewan, where
the majority of Ferruginous Hawks nest in Canada and is the northern range for the species
distribution (Ng et al. 2017). The study area (~153,000 km?) and the centre of located at 50° 10'
11.604" N, 109° 55' 39.6048" W (Figure 13). It includes fescue, mixed-moist grassland, and
shortgrass ecoregions where land cover is predominantly cropland and grassland. Dominant
species in grassland communities include blue gramma grass (Bouteloua gracilis), needle and
thread grass (Stipa comata), and wheat grasses (Elymus spp.). Most grassland is grazed by
cattle. Common crops include canola (Brassica spp.), cereals such as wheat, clover (7rifolium
spp. and Meliliotus spp.), and pulse crops (e.g., Pisum spp., Lens spp., dry beans). Chernozem
and solonetzic soils are the dominant soil orders throughout the study area (SLC v3.2). Oil and
gas extraction and wind power generation are other land uses, showing generally clustered
distribution. Mean spring temperatures (March - May) were 6.5°C and mean summer
temperatures (June - August) were 18.7°C (Medicine Hat, Alberta, Environment Canada and
Climate Change). Mean cumulative precipitation during the spring is 82.7 mm and 135.9 mm

during the summer.
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Study Design

We monitored Ferruginous Hawk nests located along a gradient of human development,
using a stratified block design. Nests were stratified first by amount of human land cover
change, where nests were located in landscapes ranging from low proportions of cropland (i.e.,
high proportions of grassland) to high proportions of cropland (i.e., low proportions of
grassland). Nests were further stratified into landscapes with low to high amounts of human
development, including oil and gas infrastructure, road density, power transmission

infrastructure, and human structures such as buildings.

Video footage

We used the above stratified block design to select a subset of nests to monitor using
digital video cameras. Once nestlings were a minimum of 7 days old, two to three closed-circuit
television (CCTV) cameras were installed near the nest and wired to a digital video recorder.
One camera was mounted to provide a wide angle view so the entire nest was in view to include
prey deliveries, bird behaviour, and other possible events at the nest. A second camera was
mounted with a closer view, pointed towards the entrance of the nest, to capture a more detailed
view of prey being delivered. Video footage was collected until the nest outcome was finalized
(i.e., if the nest was predated or if the young fledged). Footage from 4 am to midnight was
viewed and catalogued for prey deliveries. Date and time of delivery, prey order, prey guild, and

prey species were recorded for each prey delivery.
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Response variables

Prey delivery rate (hereafter referred to as PDR) was calculated as the number of prey
delivered per day per nest. Unknown identifications were by classified to order and guild by
assigning identities based on proportions of identified prey delivered to each nest.

We also estimated total biomass delivered to each nest for each day of watched footage.
Biomass was estimated by guild, and amphibians were excluded from these analyses because
they were rarely delivered to the nest (0.004% of prey deliveries were amphibian). Mass for the
most commonly observed species of each guild were averaged to create a biomass proxy for each
guild (Table 22).

Diversity of prey guilds was measured using the Shannon-Wiener index (Appendix C).

Predictor variables

We controlled for nuisance variables, including nest characteristics, spatial, and temporal
variables that could potentially influence prey delivery rate and prey diversity. The influence of
brood size, date, year, nestling age, number of days watched, hatch date, and the latitude and
longitude of the nest were used to build a base model for each analysis.

Our study objectives were to evaluate the influence of landscape characteristics on prey
delivery rate, but seasonal weather can also influence local small mammal abundance (Heisler et
al. 2014). We controlled for these spatial and temporal patterns by including mean temperature,
precipitation (mm), degree days below 0°C, and precipitation as snow (mm) for winter

(December of previous year to February), spring (March, April, and May), and summer (June,
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July, an August) (Wang et al. 2011). We chose to control for seasonal rather than daily weather
for two reasons. First, exploring seasonal weather allowed us to examine the influence of longer
term weather patterns on food availability, where prey delivery rate relative to daily weather
likely stems from behavioural responses by hawks or their prey. Controlling for seasonal weather
as a longer term variable suits our research objective because we are evaluating the influence of
large spatial scale land cover patterns. Second, we also limited the confounding influence of
daily weather by watching footage on days without inclement weather (i.e., no rain). Other
weather patterns likely have little day-to-day influence on prey delivery rate because Ferruginous
Hawks mainly forage during the morning and early evening, when temperatures and wind are
less extreme.

Landscape and human development characteristics were quantified for each nest using
geographic information system (ESRI 2012). We summarized the landscape within 1000 m
buffer of each nest, which reflects the majority of a Ferruginous Hawk’s core home range (J. L.
Watson, unpublished data, Ng et al. 2017). We used spatial data that included ground-truthed
land cover data and existing databases. Land cover was quantified as proportion of grassland
cover within a 1000 m radius (AAFC 2000 Land cover). We restricted our land cover analyses to
grassland cover because it is highly negatively correlated with cropland cover in southern
Alberta and Saskatchewan. We also quantified the edge density around each nest by measuring
the edges of water bodies and wetlands, where grassland and cropland cover interface, and roads
within 1000 m radius of the nest. Industrial development was quantified as road density, active
oil and gas well density. We also measured the distance to the nearest road or well feature (IHS

Global Canada Ltd. 2013).
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Model development

We developed a suite of models to predict prey delivery rate and prey diversity. These
response variables were evaluated at both the daily and seasonal scale. Daily biomass delivered
to the nest was important to measure to compare if daily prey delivery rate was similar across
home ranges composed of different land covers. However, some analyses at the seasonal scale
are important to understanding prey delivery over a longer time scale. For example, prey
diversity was quite low on a day-to-day basis because the total numbers of prey deliveries per
day were also low relative to cumulative seasonal totals. As more video was watched for the nest
over the season (i.e., more days were catalogued), then prey diversity captured at each nest
increased because there were more hunting opportunities analyzed. Therefore, prey diversity
over the season may be more reflective of prey types captured by hawks.

We also developed prey delivery models that included only Richardson’s Ground
Squirrels to explore the influence of landscape on the Ferruginous Hawks’ main prey source
while removing the analytical noise caused by including other prey types. See Appendix C
materials for a detailed description of model development.

Top models to describe 1) daily prey delivery rate, 2) daily Richardson’s Ground Squirrel
delivery rate, 3) Richardson’s Ground Squirrel delivery over the season, 4) daily prey diversity,
and 5) seasonal prey diversity were developed.

Variables were categorized into five sets: base variables, landscape, industrial
development, and seasonal weather (Table 23). Variables were standardized to have a mean of

zero and a standard deviation of one.
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The number of days watched per nest and the total number prey items delivered were
always included in seasonal models. We simplified models within variable sets by removing
non-influential variables and developing parsimonious variable sets using forward stepwise

selection (Burnham and Anderson 2002, Arnold 2010).

Prey delivery rate

Mixed effect negative binomial regression was used to analyze the influence of the
predictor variables on daily prey delivery rate. Nest was included as a random effect because
multiple days of video were catalogued for the majority of nests and this approach controlled for

individual differences among pairs.

Estimated biomass delivered

Spearman’s rank correlations were used to assess whether daily estimated biomass was

correlated to daily prey delivery rate and daily prey diversity delivered.

Diversity

Daily prey diversity delivered to the nest was highly skewed to low diversity (H=1 for
62% of days (n=320). To overcome this left skewed distribution, we simplified the analyses to
explore low versus high prey diversity. Diversity was categorized into low (H=1) and high

(H>1). We used mixed effect logistic regression and with the individual nest as a random effect.
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We also used t-tests to evaluate whether daily prey deliveries that had either high or low
diversity prey returns had different daily prey delivery rates and estimated total biomass

delivered.

Results

In 2011 to 2013, nest footage was collected for 82 nests. We watched a total of 320 days
of footage, averaging 5 + 0.15 days of video for each nest, ranging from 1 to 13 days. Age of
nestlings ranged from 7 to 65 days old and the average age at camera set up was 25 £+ 1.0 (mean
+ SE) days old. We observed both sexes of the adults delivering prey to the nest.

The average number of items delivered to the nest per day was 5.17 + 0.19 and ranged
from one to 17 items. One nest had 27 items delivered during one day and was excluded as an
outlier. The majority of nests received one to five items per day (61.25% of days).

The most common prey items were Richardson’s Ground Squirrels, which composed
84% of all recorded prey deliveries at all nests (Figure 14). Mice (Peromyscus spp.) and voles
(Microtus spp.) were the second most frequently delivered prey (Figure 14Figure 14. Prey
composition by frequency (light bars) and estimated total biomass (dark bars) delivered to all
nests in the study.). On average of 4.36 + 0.18 ground squirrels per day were delivered at each
nest, ranging from one to 25 squirrels. On days with more than one prey items being delivered,
only ground squirrels were delivered 56% (159/283 days) of days.

Ground squirrels contributed the most estimated biomass to nests (93%), averaging 1853

+ 76 grams of squirrel per day. Mammalian prey composed 94% of the estimated biomass
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delivered, followed by avian prey (6%) and amphibians that contributed a small estimated

biomass (<0.01%).

Model 1: Daily prey delivery rate, all prey included

When all prey were included in the analysis, the daily prey delivery rate decreased with
increasing nestling age (f = -0.186, SE = 0.038, p-value = <0.001) (all beta and SE values are
standardized) and increased with brood size (B = 0.072, SE = 0.329, p-value = 0.028). We
observed an average of 0.127 & 0.00 deliveries/nestling/hr. Prey delivery rates were highest for
nests that hatched between May 16™ and June 1 (B = 3.043, SE = 1.096, p-value = 0.005;
quadratic B =-3.091, SE = 1.089, p-value = 0.005) (Figure 15). Daily prey delivery rate was
also negatively associated with average spring temperature (f =-0.101, SE = 0.036, p-value =
0.006). Decreased tree cover on the landscape (f =-0.963, SE =0.392, p-value = 0.014) and
increased grass cover (f = 0.098, SE = 0.038, p-value = 0.009) were also associated with daily
prey delivery rate. Nests with a higher number of active oil wells (f =-0.070, SE = 0.034, p-
value = 0.064) were more likely to have fewer prey items delivered (Figure 16). An interaction
between spring temperature and proportion of grass predicted daily PDR, where PDR highest if
the spring temperatures were cool (<3°C) and when spring temperatures were over 3°C, PDR

increased with the proportion of grass surrounding the nest (Figure 17).

Model 2: Daily prey delivery rate, only Richardson’s Ground Squirrels included
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When the models were restricted to only ground squirrel deliveries, the top model was

similar to the inclusive model minus any land cover predictors (Figure 18, Table 10).

Model 3: Seasonal prey delivery rate, only Richardson’s Ground Squirrels included

We found that the total number of ground squirrels delivered per nest over the season
(i.e., over the total number of days watched) was negatively associated with the total number of
days watched per nest (f =-0.056, SE = 0.046, p-value = 0.219), positively associated with the
total number of prey items delivered ( = 0.648, SE = 0.053, p-value = <0.001), and negatively
associated with the total estimated summer precipitation (f =-0.105, SE = 0.040, p-value =

0.009) (Figure 19).

Prey diversity

The average Shannon Weiner Diversity Index was 1.34 + 0.03, ranging from 1 to 3.21.
From 320 days of footage, 199 days (62%) had an H index of 1. Of the days with an H index of

1, 196 days (98%) were nests that only received ground squirrels.

Model 4: Daily prey delivery diversity

Daily prey diversity was more likely to be high with decreased tree cover (f = -0.397, SE

=(0.216, p-value = 0.066), increased grassland (f = 0.365, SE = 0.184, p-value = 0.047), and
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increased water cover (f =0.291, SE = 0.169, p-value = 0.085). We found an interaction
between the amount of grassland and water surrounding the nest, where diversity was most likely
to be high in landscapes with low amounts of grass and higher water cover. The influence of

water cover diminished as amounts of grassland increased (Figure 20).

Model 5: Seasonal prey delivery diversity

Prey diversity over the season at a nest was more likely to be higher as more days of
video were watched per nest (f =-0.232, SE = 0.109, p-value = 0.034) and cumulative total
number of observed prey were delivered (f =0.273, SE = 0.108, p-value = 0.012). Higher
diversity was associated with intermediate amounts of grassland (linear B = -0.893, SE = 0.327,
p-value = 0.006, quadratic § = 0.870, SE = 0.328, p-value = 0.008) (Figure 21), higher amounts
of water (B = 0.281, SE = 0.730, p-value = 0.000) (Figure 22), less shrub cover (B =-0.127, SE =
0.070, p-value = 0.068), and more active oil and gas wells (B =0.173, SE = 0.076, p-value =

0.023).

Estimated biomass delivered

Daily prey delivery rate and daily estimated biomass delivered were highly correlated
(Spearman’s rho = 0.946, p-value = 0.00). We observed an average of 48.85 + 2.39 grams of
biomass delivered per nestling per hour (g/nestling/hour).

Daily diversity had little correlation with daily prey delivery rate (Spearman’s rho =

0.342, p-value = 0.00) and daily estimated biomass delivered (Spearman’s rho = 0.208, p-value =
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0.00). However, hawks that had higher than average daily prey delivery rate (>5 items/day)
delivered a more diverse set of prey (t = -5.2814, p-value = 0.00). Relatedly, birds that delivered
H>1 prey diversity on any given day were more likely to deliver higher estimated biomass
compared to birds that brought only one type of prey back (t = 4.29, p-value = <0.001)

(estimated biomass on days with H>1 = 2395 grams, H=1 = 1750 grams) (Figure 23).

Discussion

Breeding Ferruginous Hawks must meet similar energetic demands for their families
regardless of the particular spatial or temporal context in which they are nesting. Our prey
delivery rates and diet composition by order were similar to other studies that used camera or
video footage (Giovanni et al. 2007, Keeley and Bechard 2017). Our study found mammals
accounted for 91% of diet by frequency and 94% of biomass delivered to nests (n=83), which is
similar to Ferruginous Hawks in New Mexico [89% of diet by frequency and 98% by biomass (n
= 6) and the southern Great Plains (73% of diet by frequency and 82% by biomass (n = 12)]. In
the southern Great Plains, Ferruginous Hawks were documented delivering ~4.6 items/day at 670
+ 46 g/nestling/day (Giovanni et al. 2007) compared to our observed 5.17 items/day at 976.96 +
47.72 g/nestling/day (n = 83). Hawks in New Mexico delivered 42 g/hr/nestling at 0.20
deliveries/nestling/hr (Keeley and Bechard 2017) where hawks in southern Great Plains
(Giovanni et al. 2007) delivered 46 g/nestling/hr at 0.13 deliveries/nestling/hr. Our study was
similar where we found an average of 48.85 £ 2.39 g/nestling/hour at 0.127 + 0.00
deliveries/nestling/hr. Despite different prey bases, study areas, and years of studies, these three

studies showed comparable delivery rates.
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Similar to previous studies, we found that Richardson’s ground squirrels are the major
component of Ferruginous Hawk nestling diets in Alberta and Saskatchewan. However, our
hypothesis that amount of grass cover around each nest is positively associated with ground
squirrel delivery to the nest was not supported by our results. A weak positive relationship with
coarse soil texture was included in an earlier candidate model exploring daily delivery of ground
squirrels, but no landscape variables were included in the top model. Daily delivery of ground
squirrels was lower for nests located near higher densities of active oil wells, but large
confidence intervals suggest the relationship is weak. More research with a larger sample size
and wider gradient of oil well densities may clarify this relationship. Our seasonal analyses of
ground squirrel delivery did not find any landscape or industrial development predictors,
suggesting that hawks are able to capture similar numbers of ground squirrels across a gradient
of land covers. Ground squirrels are likely not equally available across landscapes (Downey et
al. 2006, Fortney 2013, Bylo et al. 2014), and it is unknown if hawks are foraging selectively
within specific land cover types (Wakeley 1979) or foraging across varying home ranges sizes
(Leary et al. 1998, Santangeli et al. 2012). Future studies should evaluate third order habitat
selection (Johnson 1980) by Ferruginous Hawks to understand in detail how they are able to

deliver equal amounts of prey to nests located across a gradient of land cover types.

Our results show that frequency of prey delivery was positively correlated with prey
diversity. Top models for prey diversity at daily and seasonal time scales varied somewhat in
their set of predictor variables. On a daily basis, prey diversity was highest in landscapes with
less tree cover and when nests were located in high amounts of cropland with high water cover.
Over a season, prey diversity was higher at nests with more heterogeneous landscapes as

characterized by moderate amounts of grassland, more water cover, less shrub cover, and more
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active oil and gas wells. These landscape features are often associated with higher edge density,
perch density, and more heterogeneous vegetation coverage at small spatial scales, which may
increase foraging yield for hawks. For example, active oil or gas wells may increase the
heterogeneity of a landscape because they are often associated with roads with mowed ditches
and other vegetation edges. They are also associated with infrastructure that could be used as
perches by hawks. Wetlands and water bodies will have riparian vegetation and are also
associated with different prey communities, including waterfowl and shorebirds. Hawks nesting
in rural grasslands and grasslands near settlement in New Mexico, USA, differed in terms of the
prey taxon compositions and amounts of biomass delivered to their nests, but this difference was
attributed to the five-fold difference in Gunnison’s prairie dog (Cynomys gunnisoni) abundance
between the two landscape types (Keeley et al. 2016). Future studies should evaluate how prey

diversity and abundance are associated with landscape characteristics and human infrastructure.

Hawks that delivered higher diversity prey generally had higher PDR, but more
importantly, were likely to bring in 25% more biomass on a daily basis. This refutes our
hypothesis that a more diverse diet and higher PDR is a sign of hawks compensating for lower
ground squirrel delivery. Our study suggests that a more diverse diet could benefit reproductive
success because Ferruginous Hawks are delivering greater biomass back for nestlings, which
could result in heavier and larger young (Santangeli et al. 2012, Wellicome et al. 2013).
Similarly, Verreaux’s eagles (Aquila verreauxii) are considered a specialized predator of rock
hyraxes (Procavia capensis), but their reproduction was highest when diet diversity was higher
(Murgatroyd et al. 2016). A comparison of Golden Eagle (Aquila chrysaetos) diet breadth and
reproduction in Spain found similar results, where more diverse diets were associated with

higher productivity (Whitfield et al. 2009). Understanding the relationship between landscapes
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characteristics, brood provisioning, and reproductive success of Ferruginous Hawks may predict
the habitat quality of a landscape. Assessing this link will also inform managers how landscape

change could potentially impact hawk populations.

Richardson’s ground squirrels are the most important prey item in the diet of Ferruginous
Hawks in Canada because they composed the majority of biomass delivered to the nest (93%). It
is unknown whether this is because they are more abundant and available compared to other
prey, or whether hawks select them over other prey. However, our study has shown that hawks
that delivered more diverse prey also tend to deliver more biomass compared to hawks that
deliver predominantly ground squirrels. This suggests that hawks may have the ability to
compensate total biomass delivery with other types of prey when ground squirrel populations are
lower. Similar to Tengmalm’s owls (4degolius funereus), Ferruginous Hawks living in landscapes
with a more diverse prey community could exploit alternative prey during years with low ground
squirrel populations (Zarybnicka et al. 2015). Future studies must evaluate if there are minimum
thresholds for prey abundance that support successful hawk reproduction. Ground squirrels make
up the majority of biomass delivered and it is possible that squirrel populations can decline to

where hawks cannot compensate despite benefits associated with more diverse prey returns.

Daily prey delivery rate was associated with a suite of biotic and abiotic factors. Nestling
age was negatively associated with daily prey delivery rate; though we expect food demand
would increase as nestlings grow older and larger (Keeley and Bechard 2017). However, it is
possible that prey abundance becomes depleted in the home range by either prey dispersal
(Michener and Michener 1977) or consumption by the predator (Bonal and Aparicio 2008,
McCoy et al. 2012). Our study found a linear decline in prey delivery rate with nestling age, but

previous studies of Ferruginous Hawk prey provisioning found that food consumption peaked
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when nestlings were 22 to 28 days old (Olendorff 1974) and 21 to 25 days old (Giovanni et al.
2007). We also found that daily prey delivery rates were higher for nests that hatched around
Julian day 146 (May 26™). Previous studies have shown that Ferruginous Hawk hatch date and
juvenile ground squirrel emergence aboveground, which occurs late May to mid-June, is
synchronized (Schmutz et al. 1980a), and our data suggest that this synchrony could result in
higher prey delivery rates to nestlings. This could have survival and fitness consequences for
hawks that hatch during this peak. Little Owls (4thene noctua) that hatched during peak rodent
densities were larger than young hatched earlier (Perrig et al. 2014). Daily prey delivery rates
also increased with brood size, similar to other studies, suggesting that supply must meet demand
(Giovanni et al. 2007). Threshold effects with brood size should be explored, as brood
provisioning could be more limited for large broods. Individual differences among pairs, such as
hunting ability, should also be explored by examining age-structure of adults, third order habitat

selection, and associated prey delivery rates.

Seasonal weather influenced prey delivery rates, but not diversity. Lower average spring
temperatures were associated with higher daily prey delivery rates, which may be related to
higher over-winter survival and/or fitness of mammals (Heisler et al. 2014, Turbill and Prior
2016), such as ground squirrels (Dobson et al. 2016). However, number of degree days below
0°C was not a predictor in our top models. Over a season, fewer ground squirrels were delivered
during summers with higher precipitation. Hunting opportunities may be fewer during wetter
summers because small mammals are far less active aboveground (Neuhaus et al. 1999,
Kalcounis-Rueppell et al. 2002) or because prey are less accessible when vegetation grows
higher and denser. Wind and rain also likely make flying less efficient for hawks. Our study

found that PDR was highest when springs were cool, regardless of the amount of grassland cover
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surrounding the nest. In comparison, PDR was lowest during warmer springs for hawks nesting
in cropland-dominated home ranges, perhaps vegetation grew sooner and faster under these
conditions reducing accessibility of prey. Spring temperature has less influence on PDR when
home ranges had higher amounts of grassland cover. Hence, high amounts of grassland were
associated with the most consistent PDR despite spring temperatures. This pattern could reflect
higher prey accessibility or abundance in grassland. It is also possible that hawks nesting in
grassland-dominated home ranges were potentially not limited by food during the study years, as
evidenced by high nest success of nests included in this stuy. This pattern also reinforces the
importance of cooler springs on daily PDR. Weather is a common factor influencing foraging
success for many species because it has the ability to influence both predator and prey (Sergio

2003, Garcia-Heras et al. 2017).

The strongest predictors for delivery rates of ground squirrels were not landscape
variables, but were hatch date and seasonal weather variables. This could be problematic for
wildlife managers because unlike land cover characteristics, neither of these parameters can be
directly managed. Furthermore, changes to prey phenology and seasonal weather patterns are
expected under climate change forecasts (Stenseth et al. 2002, Both et al. 2009a, Both et al.
2009b). Some species have adjusted their nesting phenology with climate change (e.g., Eurasian
kestrels (Falco tinnunculus) (Korpimiki and Wiehn 1998), American kestrels (Falco sparverius)
(Smith et al. 2017); Pied Flycatchers (Ficedula hypoleuca), (Tomotani et al. 2018)), but it is
unknown whether Ferruginous Hawks can adjust their lay dates or hatch dates to match changes
in ground squirrel phenology. Columbian ground squirrel (Urocitellus columbianus) emergence
dates have been delayed with climate change (Lane et al. 2012) and Richardson’s ground

squirrels exhibit a similar pattern emerging earlier during warmer springs (Michener 1977),
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potentially resulting in a timing mismatch. This mismatch could reduce the ability of hawks to
exploit the abundance of naive juvenile squirrels that would emerge during peak hatch. Climate
change forecasts also predict warmer springs and wetter summers (Pachauri et al. 2014) and our
results suggest that this will lead to lower daily and seasonal prey delivery rates. Studies have
shown linkages between annual ground squirrel abundance and Ferruginous Hawk reproductive
success (Schmutz and Hungle 1989b, Schmutz et al. 2008); therefore, long term changes to prey

availability could negatively impact Ferruginous Hawk populations.

Although we did not find strong landscape predictors of prey delivery rate, we did find
landscape relationships with prey diversity, which also was associated with biomass returned to
the nest. Ground squirrels are important prey for Ferruginous Hawks, but our study suggests that
a more diverse diet does not necessarily reflect a low caloric diet and can even result in more
biomass provisioned to nestlings. Demonstrating these broad patterns will help inform how
habitat relationships and climate influence brood provisioning and ultimately how reproductive
success could be influenced by these factors. However, understanding the mechanisms behind
these patterns will help predict how landscape and climate change could impact brood
provisioning and reproduction. Ferruginous Hawks are long-lived hawks with high home range
fidelity (Ng et al. 2017) and changes to prey abundance on raptors with similar life histories can
result in decreased reproductive success (Steenhof et al. 1997, Moss et al. 2012, Rebollo et al.
2017) or reduced nest density (Graham et al. 199, but see, e.g., Bonelli's eagle (Hieraaetus

fasciatus) (Ontiveros and Pleguezuelos 2000)).

Our study was not able to assess the influence of brood provisioning rate on nest survival
or productivity. The nests we monitored with video cameras all successfully fledged young. This

high nest success is likely a bias that resulted from selecting nests only once nestlings were a
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minimum of seven days old. Cameras were also only mounted near nests located in trees or
platforms that could support the weight of a ladder and climber; therefore, these sturdier nests
may be at lower risk from blowing out in storms and less likely to fail than trees with narrower,
more flexible trunks or branches. Future brood provisioning studies should consider assessing
prey remains in nests during nest visits for a wide sampler of nests across nest substrates and

nestling ages (Schmutz et al. 2008).

Our analyses controlled for brood size to account for the variation in number of nestlings
among nests at the time of brood provisioning. An alternate approach to understanding the
relationship between landscape characteristics and seasonal weather, brood provisioning, and
productivity (e.g., number of young fledged) is to analyze brood provisioning rates without
controlling for brood size. This approach addresses the ability of adult hawks to provision
enough food for all nestlings, given the landscape around the nest, no matter the number of
nestlings. We tested the hypothesis that these two approaches (with and without controlling for
brood size) would result in a different set of landscape characteristics and seasonal weather
predictors. We ran identical models with and without controlling for brood size and the top
models remained the same with similar beta coefficients. This suggests that brood size may
already reflect conditions, such as landscape and seasonal weather, where for example, good
conditions are associated with larger clutches and consequently larger broods. In years where
conditions do not change through the breeding season, these good conditions can then be
associated with average larger broods and higher fledge rates. The positive correlation between
brood provisioning and brood size may then reflect these good conditions. Future studies should
consider not controlling for brood size because it would a better reflection of the above

hypothesis (i.e., brood size is associated with conditions).
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Our analyses in Chapter 3 found that landscape characteristics are not associated with
fledge rate. This suggests that assessing how landscape characteristics influence brood
provisioning may not be a good indicator for potential nest productivity, which is unexpected
given contrary results by previous studies (Schmutz et al. 1980b, Schmutz and Hungle 1989a,
Schmutz et al. 2008). Our data collection took place when the population was relatively stable
and potentially slightly increasing. Schmutz’s work measuring the influence of food
supplementation and supernumerary broods on nestling growth (Schmutz et al. 1980b) was
conducted when the population was potentially increasing (Alberta Environment and Parks 2009,
Redman 2016). The nuanced relationship between landscape characteristics, seasonal weather,
and reproduction may be better explored when Richardson’s Ground Squirrel populations are
less abundant compared to during the periods of our respective studies. Continued nest
monitoring during years with low ground squirrel availability will be key to understanding
whether Ferruginous Hawks are able to compensate a decreased dominant prey base with a more
diverse diet and whether there is a threshold in decreased ground squirrel availability that results

in decreased reproductive performance or reduced fledgling body condition.
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TABLE 10. STANDARDIZED VALUES FOR THE TOP MODEL DEVELOPED TO PREDICT DAILY

GROUND SQUIRREL DELIVERY.

Variable B SE p-value
nestlingage  -0.21231 0.042621 <0.001
hatch 2.744667 1.231417  0.026
hatchJQ -2.8264 1.223265  0.021
brood 0.148696 0.036821 <0.001
Tave sp -0.11671 0.041264  0.005
oil -0.09664 0.043843  0.028
constant 1.406067 0.038371 <0.001
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FIGURE 13. STUDY AREA IN SOUTHERN ALBERTA AND SASKATCHEWAN WHERE BROOD

PROVISIONING AT A SAMPLE OF FERRUGINOUS HAWK NESTS WERE MONITORED WITH VIDEO

CAMERAS IN 2011 TO 2013.
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FIGURE 15. PREDICTED DAILY PREY RATE RELATIVE TO ESTIMATED HATCH DATE.
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Chapter 5: A spatially-explicit cumulative effects approach to forecasting relative influence

of land use and climate change on Ferruginous Hawks in Canada

Abstract

Multiple environmental and anthropogenic factors can accumulate through space and
time to result in cumulative effects on wildlife populations. The study of cumulative effects on
wildlife species have generally focused on the influence of human land use on species; however,
climate change is also expected to act concurrently with other factors, such as human land use
and its footprint, to affect species. A cumulative effects approach provides context for single
factors acting in an environment with multiple human activities and environmental processes.
Our objectives were to evaluate 1) the relative influence of land use and climate change has on
Ferruginous Hawk (Buteo regalis) demography in Canada over the next 50 years and 2) the
potential relative influence of land use and climate change compared to status quo land use and
climate change scenario. We developed a spatially-explicit population model by using a
combination of previously developed models for habitat and reproduction plus vital rates
estimated through our field data or published studies. We constructed a bench mark model where
land cover and climate did not change. Then we manipulated land cover and climate to develop
scenarios to compare outcomes to the benchmark model. When land cover and climate change
scenarios were simulated individually, land cover change had the greater influence, compared to
climate change, on our predictions for the Ferruginous Hawk population in Canada over a 50-
year period. Our cumulative effects analyses found that simulated grassland restoration under

either climate change scenario had a greater relative influence on the theoretical future
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populations of Ferruginous Hawks, compared to other land cover and climate change scenarios.
Our results can be used to assess relative risk when prioritizing conservation strategies for
breeding Ferruginous Hawks in Canada. More broadly, results from our cumulative effects
simulations can inform both grassland protection programs and climate change adaptation plans.
However, extreme caution must be employed when using these models for predicting long-term
population change or persistence in Ferruginous Hawks because of uncertainties in some key

demographic parameters and process.

Keywords

Habitat stewardship; Single Large Several Small (SLOSS); nest survival; nest abundance; human

footprint

Introduction

Multiple natural and anthropogenic factors can accumulate through space and time,
resulting in cumulative effects on biodiversity (Theobald et al. 1997, Johnson et al. 2005,
Hodgson and Halpern 2018). The study of cumulative effects on wildlife has generally focused
on human land use impacts; however, climate change is an increasingly important driver of
wildlife populations (Hunter et al. 2010, Bellard et al. 2012, Martay et al. 2017). Of growing
concern is that climate change appears to be interacting with land use to yield greater effects than

might be expected from land use or climate change alone (Eglington and Pearce-Higgins 2012,
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Dawe and Boutin 2016, Segan et al. 2016). Therefore, climate change should be considered an
ever-present influence and be included in large-scale, long term population projections of
cumulative effects. Studying a single factor is still informative, but the applicability of results are
more limited without a cumulative effects approach, which provides context for single factors
acting in an environment with multiple human activities and environmental processes. That
context is critical to understanding the relative influence of each factor, and is thus important for
managing cumulative effects.

Human land use is a global threat to wildlife populations because it has resulted in
extensive land cover change (Song et al. 2018) and continues to reduce, degrade, and fragment
wildlife habitat (Leu et al. 2008). The IUCN has identified habitat loss as a main threat to 85% of
all species described in the [UCN’s Red List (2015) and 60% of this land change is attributed to
direct human activities (Song et al. 2018). Human footprint can directly result in habitat loss and
also indirectly affect species survival, movement, and reproduction (Leu et al. 2008, Bernath-
Plaisted and Koper 2016). The footprint can develop incrementally and result in landscape
change over large spatial extents. An example of cumulative effects is the decline of many
woodland caribou (Rangifer tarandus) populations. (Latham et al. 2011a, Latham et al. 2011b).
Another example of habitat loss driving a species’ decline is the rapid loss of the Spotted Owl’s
(Strix occidentalis) nesting habitat from logging (Bias and Gutiérrez 1992). However, other
limiting factors, such as interspecific competitors, for Spotted Owl populations have been
subsequently identified (Glenn et al. 2011), emphasizing the need to quantify the collective
influence of cumulative effects, and the relative importance among multiple factors, when

prioritizing the effectiveness of management strategies.
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Climate change is becoming an increasingly important driver of wildlife populations
(Lovejoy 2006, Iknayan and Beissinger 2018). Wildlife studies are increasingly focused on the
future effects of climate change on species, but significant effects are already being observed
(Staudinger et al. 2013). These studies have demonstrated that climate change has long term
effects over large spatial extents, and can affect wildlife populations through multiple
mechanisms (Traill et al. 2010). Effects can be direct, such as nest mortality from severe weather
events (e.g., Burrowing Owls (Athene cunicularia) (Fisher et al. 2015)), or indirect through
changes to phenology that later influence survival and reproduction (Lane et al. 2012, Marrot et
al. 2018). Climate change may also alter landscape characteristics of an area, changing the
habitat suitability for a species and ultimately its distribution (Heim et al. 2017). Several studies
have demonstrated that climate change has a greater influence on wildlife populations than does
land use (Dawe and Boutin 2016, Sultaire et al. 2016). Thus, assessing the relative influence of
climate change on a species is critical to prioritizing conservation strategies.

The grassland ecosystem is a model system that demonstrates the need to manage
cumulative effects. Cumulative effects of multiple stressors, such as land cover and climate
change, occur in grassland systems and are expected to continue (World Wildlife Fund 2017).
Agriculture has converted the majority of grassland to crop or tame grass, and temperate
grasslands are at high risk of loss compared to other terrestrial ecosystems (Hoekstra et al. 2005).
Additional land uses can add to the human footprint by way of roads, utility corridors, and
industrial infrastructure, such as energy development. The increasing human footprint is a
concern because habitat loss, degradation, and fragmentation are likely the cause of many
grassland bird declines (Herkert 1994, Peterjohn and Sauer 1999a, Herkert et al. 2003, Walk et

al. 2010, Bernath-Plaisted and Koper 2016). Furthermore, climate change is expected to change
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weather patterns, vegetation cover, and species interactions (Traill et al. 2010, Jonas et al. 2015,
Mantyka-Pringle et al. 2015). Climate change may increase future grassland cover and species
distributions may shift (Skagen and Adams 2012), but recent studies have found immediate
negative effects of changing climate (Beever et al. 2011, Jarzyna et al. 2016, Ross et al. 2016).
Managing for land use and climate change likely require different approaches. Understanding the
relative importance and urgency of each stressor is important for prioritizing and allocating

management with limited resources (Howard et al. 2015).

Wide-ranging wildlife is more likely to encounter cumulative effects because they are
more likely to encounter multiple land uses, industrial infrastructure, and be exposed to varying
regional weather patterns. Ferruginous Hawks (Buteo regalis) are one example, with breeding
home ranges that average 17.59 km? in Alberta and Saskatchewan (Watson et al. 2014) and
range between 2.30 km? (Colorado, (Plumpton and Andersen 1998) to 90.3 km? (Washington,
(Leary et al. 1998)). Within their home ranges, Ferruginous Hawks are likely to encounter many
types of human footprint that include crop production, ranching, oil and gas extraction, and
renewable energy generation. Studies have found that moderate amounts of grass and high edge
density result in greater Ferruginous Hawk habitat use, higher relative abundance, and improved
reproductive performance (Chapter 2 and 3). Average climate and seasonal weather also
predicted habitat use and reproduction (Chapter 2 and 3). Land cover change (World Wildlife
Fund 2017), whether habitat loss or restoration, and climate change will continue to affect the
grassland ecosystem in Canada (Wang et al. 2016). These changes, even in the short term of a
few decades can potentially positively or negatively influence hawk populations. Understanding

the relative importance of each type of change is an important first step in prioritizing
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management plans for this Threatened species at risk (SAR Public Registry 2010). Some

stressors are more actionable than others, but may have relatively little impact on populations.

Our objectives were to evaluate 1) the relative influence of land use and climate change
on Ferruginous Hawk demography in Canada over the next 50 years, and 2) the potential relative
influence of land use and climate change compared to status quo land use and climate change
scenario. We hypothesized that land cover will have a greater influence on Ferruginous Hawk
populations than climate change because, in a hierarchical sense, a decrease in available nesting
habitat would limit nesting opportunities before reproductive performance would be limited by
climate change. We used sensitivity analyses to assess the relative magnitude of influence of
land cover and climate change on the Ferruginous Hawk population through time. The
population model was developed using vital rates collected from literature and from our field
studies. We used models previously developed for Ferruginous Hawk habitat, survival, and
reproduction to develop a bench mark model in which land cover and climate did not change.
Then we simulated changes in land cover and climate to develop scenarios to compare to the
benchmark model based on how current parameters are thought to respond to changes in weather
and land-cover. Testing land cover and climate change in isolation allowed us to compare their
relative influence on hawk populations. Next, we evaluated the relative influence of land use and
of climate change on Ferruginous Hawk populations under possible future scenarios using an

additive cumulative effects approach.

Methods
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Study area

The study area (~153,000 km?) (Figure 24) ranges from 49.0°N to 51.8°N latitude and -
113.2°W to -102.8°W longitude. It includes most of the breeding range of Ferruginous Hawks in
Canada, with the exception of approximately 25 nests (K. de Smet 2010, unpublished data) in
southwest Manitoba. It is the northern range of the species distribution, with hawks returning

February to March and migrating south in September to November (Ng et al. 2017).

The average winter temperature from December to February is -7.0°C, the average spring
temperature from March to May is 6.5°C, and the average summer temperature from June to
August is 18.7°C (Medicine Hat, Alberta, Environment and Climate Change Canada 2013).

Average precipitation in winter is 32 mm, spring is 82.7 mm, and 135.9 mm during the summer.

The study area is composed of fescue, mixed-moist grassland, and shortgrass ecoregions
where land cover is predominantly cropland and grassland. Grassland communities are
characterized by species including blue gramma grass (Bouteloua gracilis ), needle and thread
grass (Stipa comata), and wheat grasses (Elymus spp.). The majority of the study area is low and
flat, interspersed with regions of undulating uplands, river valleys, badlands, and coulees.
Chernozem and solonetzic soils are the dominant soil orders throughout the study area (Soil

Landscapes of Canada Working Group 2010).

Land use in the study area includes agriculture, ranching, and the energy sector. Most
grassland cover is grazed by cattle. Tame cover can either be grazed or hayed, depending on the
cover type. Common crops include canola (Brassica spp.), cereals such as wheat, clover
(Trifolium spp. and Meliliotus spp.), and pulse crops (e.g., Pisum spp., Lens spp., dry beans). Oil

and gas deposits are localized, where oil well density ranges from zero to 541 wells per township
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(0.17 oil wells/km?) and gas wells range from zero to 534 gas wells per township (0.17 gas
wells/km?). Wind power generation is an emerging land use, with approximately 1704 MW

produced in southern Alberta and Saskatchewan (Canadian Wind Energy Association 2018).

Agricultural land use to farm crops has cultivated the majority of the grassland cover in
southern Alberta and Saskatchewan. Approximately 37% and 20% remain in Alberta and
Saskatchewan, respectively (Hammermeister et al. 2001, The Alberta Biodiversity Monitoring
Institute 2015). While the majority of the grassland conversion to cropland was completed prior
to 2000, conversion is ongoing and the World Wildlife Fund estimates that 4.6 million hectares
have been converted to cropland in the Northern Great Plains since 2009 (World Wildlife Fund
2017). World Wildlife Fund also estimates over 283,000 hectares of grassland was converted to
cropland in the Northern Great Plains in 2016 (World Wildlife Fund 2017), which is an annual
loss rate of 0.55%. This annual loss rate is slightly lower than the 2015 rate of 0.75%. Wheat,
corn, soy, and lentils were the primary crops grown in 2016 on cropland that had been converted

from grassland since 2009. Grassland restoration is rare in southern Alberta and Saskatchewan.

Population Simulation

We used a sensitivity analyses to evaluate the relative influence of land cover and climate
change under different land use and climate change scenarios. We developed different land
cover, climate change, and cumulative effect scenarios and ran 100 simulations of a demographic
model. We ranked the relative influence of land cover and climate change by comparing the
estimated final population size after 50 years and the average estimated lambda for each

scenario. We forecasted population change over 50 years because this would include several
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generations of Ferruginous Hawks, and allow land use and climate to vary enough to compare

relative influences.

We used a benchmark model, where land cover and average seasonal weather remained
static, to estimate the relative influence of these cumulative effects as individual and additive
influences on lambda for Ferruginous Hawk populations in Canada. Lastly, we used the additive
model to evaluate the relative influence of land use and climate change given a benchmark
scenario and different land use and climate change scenarios. Assessing the relative influence of
land use and climate change using the additive model allowed us to evaluate how management
approaches, such as native grassland restoration, might be used to conserve and recover

Ferruginous Hawk populations in Canada.

Population model

We developed a spatially-explicit population model by using a combination of existing
habitat and reproduction models, vital rates collected in our field study, and previously published
vital rates from within our study area (Table 11). The spatial resolution of the population model
was a township (9.6 km by 9.6 km), which is a common cadastral unit used by governments and
land managers. The predicted relative nest abundance was estimated for each township for each

year.

This model is spatially-explicit because models were applied to each township using the
specific characteristics of that township to estimate relative nest abundance and nest survival.

Landscape change was also simulated at the resolution of individual townships. Land cover and
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edge density at Year 0 reflect the estimates used in the model. Changes to grassland cover, such
as additions (i.e., grassland restoration) or subtractions (i.e., grassland conversion to cropland) of
grassland cover were applied for each township and were cumulative through years. For
example, if 0.5% of grassland cover was converted to cropland each year for 50 years, then
relative nest abundance would be modeled for each township with the proportion of grassland
estimated for that township, minus 0.5% each year. Simulated changes to climate were
represented as changes to seasonal weather. These changes were applied to all townships and
used in relevant models to estimate relative nest abundance and nest survival in individual
townships. A detailed description of landscape and climate change scenarios and the population

model framework follows below.

Habitat

Habitat use and relative nest abundance was modeled using a spatially-explicit landscape-
scale habitat model (Chapter 2 and 3). The habitat model was developed using survey data
collected in 2012 and 2013, using a stratified survey design to specifically estimate relative nest
abundance (Chapter 3). Land cover variables (such as proportion of grass cover and edge
density), soil order, and latitude and longitude were the best predictors of relative nest
abundance. We used this model to predict relative abundance in each township in the hawk range
in southern Alberta and Saskatchewan in each year of our simulation. This predicted relative
nest abundance only predicts abundance for the area of each township we surveyed. We
surveyed approximately 52% of each township; therefore to estimate the total relative nest

abundance in each township, we multiplied the estimated number of nests by a factor of 1.92 to

130



extrapolate the estimate from our surveyed area to the entire township. For our land cover

simulations, we simulated grass cover change for each township.

Reproduction

Similar to the relative nest abundance model, the nest survival component of our
population model was based on an existing spatially-explicit model. We previously developed a
nest survival model using nest monitoring data from 2010 to 2015. We modeled both landscape
and intrinsic variables to predict nest survival (Chapter 3). In addition to intrinsic variable, such
as hatch date, we found that both land cover and seasonal weather variables predicted nest
survival. We applied the nest survival model to each township by down-scaling landscape
characteristics at the township-scale to a smaller spatial extent used by the nest survival model
(2.5 km radius). For example, the proportion of grass within the township was used as the
proportion of grass around a simulated nest. Estimated total edge in the township was converted
to km/km?* and then scaled to area within a 2.5 km radius. Oil and gas variables remained the
same in both township and home range analyses because they are categorized as low, medium, or
high density. In our benchmark model, seasonal weather was held at mean values measured

during the years data was collected. How we simulated seasonal weather is discussed below.

We previously developed fledge rate models, but did not find any landscape or weather
variables that were predictive. Therefore, we used the mean fledge rate and its standard deviation
in our simulations. These estimates were based on nest monitoring we conducted in our study
area between 2010 and 2015. Nests that successfully fledged a minimum of one young was

considered successful and only successful nests were included in the fledge rate estimate because
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nest failure was included in our nest survival model. The fledging rate estimate is based on 530
successful nests. In our simulation model, we limited the fledge rate to a maximum of four young
per nest because nests that fledged five or six young were rarely observed. We incorporated
stochasticity into the productivity component by generating a normal distribution of values using
the mean and standard deviation of fledge rate. For each township and each year, we used a

Monte Carlo approach to randomly draw plausible estimates for fledge rate.

Survival

We estimated juvenile recruitment using two resources. Our study estimated apparent
juvenile survival using telemetry tracking data of 104 post-fledglings tracked from nests in our
study area. Young were tagged with VHF telemetry tags (ATS Track) in the nest and tracked
until they died or left the study area. Apparent post-fledging survival was multiplied by adult
survival to reflect the remainder of the year they must survive until returning to breed. We also
used a juvenile recruitment estimate from a published study (Schmutz et al. 2008), which used

mark-recapture data from banded birds to estimate recruitment.

Adult survival was based on two estimates. Our study estimated apparent adult survival
by tracking individuals using satellite transmitters (Microwave Telemetry Incorporated,
Columbia, MD) between 2011 and 2018. We attached satellite transmitters to 50 adults from
2011 to 2018, for a combined total of 84 years of survival. Survival was defined as an adult
surviving 12 months after initial tagging and for each following 12 month increment. There are
likely individual differences that influence adult survival, such as age, but there is no available

data to estimate survival as a function of age structure. For simplicity, we used the reported
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apparent adult survival estimated from our tracking data. Our second estimate of adult survival is

based on Schmutz et al. (2008), which used mark-recapture models and banding data.

For both recruitment and adult survival, we had a range of plausible values based on
field-collected data and published vital rates. Therefore, we used a Monte Carlo approach to
randomly draw plausible estimates (Table 11) from a uniform distribution between the high and
low values for each range of survival estimates. Estimates were sampled for each township and

year.

Scenarios

We developed a benchmark population model where no land cover change and no
seasonal weather change occurred. This model served as a comparison for the other scenarios.
We began by evaluating the relative influence of land cover change and climate change in
isolation. Lastly, we evaluated their relative influence on the Canadian Ferruginous Hawk

population when modeled as additive cumulative effects.

Land cover

Land use and land cover has changed the Great Plains significantly in the last century
(Samson and Knopf 1994). Grassland conversion to cropland is ongoing, with recent annual loss

rates of 0.55% in 2016 and 0.75% in 2017 in the northern Great Plains (WWF Plow Print 2017).
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In comparison, cropland conversion to grassland is rarer and while data on amount of grassland

restoration was not available, it likely occurs on a very small extent.

We developed scenarios with different rates of grassland conversion to cropland
(hereafter known as grassland loss) and cropland conversion to grass (hereafter referred to as
grassland restoration) (Table 12). Grassland conversion to cropland scenarios increased
proportion of cropland within townships and model home ranges by 0.5% (0.46 km? or less than
one quarter-section) a year to reflect annual rates of loss based on estimates for 2016 and 2017.
Our scenarios targeted townships with 25% to 50% grass cover to simulate where cultivation
would most likely occur. We assumed that townships with high amounts of grassland were less
likely to be cultivated because the soil has lower agricultural capability. Conversely, townships
with high amounts of cropland are more likely to have high soil capability and lands with
agricultural potential were historically cultivated. We assumed that townships with 25% to 50%
grass cover are on the edges of productive cropland and have lands with some soil capability,
and thus some possibility of cultivation. In our grassland recovery scenarios we increased
proportion of grassland within townships and model home ranges by 0.5% a year in townships
with 25% to 50% grass cover. These scenarios represent a deliberate grassland restoration
program that uses estimates from previous habitat models, which predict that moderate amounts
of grass and cropland are associated with the highest nest abundance and nest survival. Targeting
restoration in townships with 25% to 50% grassland should increase the number of townships
with moderate amounts of grass and crop, which models predict will have a positive effect on

Ferruginous Hawk populations.

We also explored how increased edge density with land cover change could influence

Ferruginous Hawk populations. We developed land cover scenarios without change in edge
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density to simulate land cover change on the edge of a larger contiguous tract of grassland patch,
where minimal edge would be created or destroyed. We also developed land cover scenarios that
created new patches of grass apart from larger tracts, where new landscape edges would be
created. When edge was included in simulation, edge density was increased by 3.2 km each year
in each township where grassland was lost or restored. We added 3.2 km of edge each year to

reflect the land cover change of approximately one quarter-section.

Climate

Climate change is expected to alter future weather patterns, which may influence
Ferruginous Hawk demographic parameters and populations (Shank and Bayne 2015). Climate
change may potentially influence Ferruginous Hawk nest survival because winters are predicted
to become warmer, summers drier (Sauchyn and Kulshreshtha 2008), and storms more frequent
and severe (Kharin and Zwiers 2000, 2005). Our nest survival analyses (Chapter 3) found that
mean winter temperature, mean spring temperature, and mean temperatures the month of a nest

visit were important predictors of nest success.

We developed climate change scenarios to reflect forecasted changes in seasonal weather
in our study area. Our climate change scenarios are based on the Intergovernmental Panel on
Climate Change (IPCC) RCP 4.5 and RCP 8.5 scenarios (Pachauri et al. 2014). These are global
climate change scenarios and we used scaled-down versions developed by Prairie Climate Centre
and the Pacific Climate Impacts Consortium (McKenney et al. 2011). Delta maps predicted the
change in seasonal temperature throughout different regions of our study area. For each climate

change scenario, we divided the deltas by 80, which is the number of years it was projected over.
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We increased the mean seasonal weather variables by these values each year to reflect climate
change over time. Our climate change scenarios did not capture the mechanisms that explain the

seasonal weather patterns in our nest survival model.

Cumulative effects

We also evaluated the relative importance of additive cumulative effects on Ferruginous
Hawk population. We combined land cover change with climate change to evaluate how the
relative influence of these variables will change population under different scenarios, the relative
population trajectory under different scenarios, and how land cover management options could

influence conservation and recovery.

Simulation model framework

We used these models and vital rates to construct a spatially-explicit population model
for Ferruginous Hawks in Canada (Excel 2010) (Figure 25). The population model was
constructed using 1643 townships that comprise the Ferruginous Hawk range in Alberta and
Saskatchewan. The benchmark model and all scenario models at Year 0 used estimated land
cover and seasonal weather conditions that reflected the environment during our study period.
Subsequent landscape and climate change scenarios were cumulatively built on these initial
models. Landscape metrics (i.e., proportion of grassland and edge density) were tracked for each

township. Simulated changes were tracked cumulatively through years. For example, landscape
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scenarios where grassland was restored 0.5% a year would be modeled with proportion of
grassland incrementally increasing by 0.5% each year, based on the previous year’s value for
grass cover. Climate change scenarios modeled seasonal weather changes similarly. For
example, increases to winter temperature were incrementally added each year using the previous
year’s seasonal average as the base value. This approach resulted in a cumulative change over

50 years, based on incremental landscape or climate changes each year.

For each simulated year, we applied the relative nest abundance model to each township
to estimate the number of nests in each township. We used the landscape and climate conditions
present in each township to develop the model. Then we applied the daily nest survival model
using the down-scaled landscape characteristics of each township and calculated the probability
of nest survival for nests in that township. For each township, we estimated the number of
successful nests (i.e., nests that fledged a minimum of one young) by multiplying the probability
of nest survival by the estimated number of nests (Equation 1). We estimated productivity for
each township by multiplying the estimated number of successful nests by a fledge rate randomly
selected from a normal distribution generated from nest monitoring data (Equation 3).
Recruitment in each township was estimated by multiplying productivity by an estimate of
juvenile survival uniformly drawn from a range (Equation 4). Recruitment across all townships
was summed. The number of breeding adults was calculated by multiplying the number of
estimated nests by two (Equation 5). The number of adults that survive to the next breeding
season was estimated by multiplying the number of breeding adults by a probability of adult
survival randomly drawn from a uniform distribution of ranges (Equation 6). Estimated
population size was the number of recruited individuals summed with the number of surviving

adults (Equation 7). See model structure and equations in Figure 25.
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The number of nests in each township in the next year was estimated for each time step.
We estimated the number of nests per township using the landscape and seasonal weather
conditions in each township. For the landscape and climate change scenarios, we would use new
values of landscape and/or seasonal weather to reflect the simulated change in each township
each year. We compared the number of nests estimated by the relative nest abundance model to
the number of nests that would exist if adults and recruits were estimated to have survived to the
next year. The higher number of nests was used in subsequent steps of the model. If the number
of nests estimated by the abundance model was higher, we assumed that individuals would
emigrate and fill the potential available home ranges in other townships that had not reached
carrying capacity (i.e., we assumed an open population, see model assumptions). If the number
of nests estimated by calculating survival of adults and recruits exceeded the estimated average
abundance based on amount of grassland, we used the higher value because we assumed birds
would return due to high site fidelity and natal fidelity (Gossett 1993). The maximum number of
nests previously observed in a township was approximately 14 nests (Schmutz et al. 2008) and
we capped each township so that the maximum number of nests that could exist was 14 (i.e., we
used a hard cap to create density-dependence). Individuals and nests were then assumed to have
dispersed to neighbouring townships if nest estimates exceeded 14 nests per township. The sum

of the number of nests per township formed our population estimate each year.

Model assumptions

Our population model included several assumptions about Ferruginous Hawk ecology.

Some assumptions were made because of knowledge gaps in hawk ecology. There is little
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specific information about Ferruginous Hawk nomadism, dispersal, natal site fidelity, age or
stage structure, or floater ecology. Thus, components were not included in our model because
parameter estimates were not available. Given these limitations, results from our models should
be used with caution and should only be used to compare the relative influence of land use and
climate change among simulated scenarios and to the benchmark and not used to project actual
rates of population change. The values of lambda shown are predicated on some key
assumptions about the age at which birds breed, rescue effects from populations in the Unites
States, and density dependent territoriality and thus should not be viewed as the actual

population growth rate of Ferruginous Hawk populations.

We assumed that Ferruginous Hawks in Canada are an open population, where
immigration and emigration functions to occupy available home ranges. Genetic studies found
that hawks on both sides of the Continental Divide had similar genetic structure, suggesting that
hawks disperse over large distances and breed (Gossett 1993); though it is not known how often
this dispersal occurs. Our model assumed that Ferruginous Hawks are able to breed after hatch
year as some have been observed, though it is not known what proportion of first year birds
breeds. Some observations suggest that hawks may be nomadic for several years before selecting
a home range and breeding, but other data also suggests hawks return to near their natal range to
breed (Gossett 1993). Without data on age-structure dispersal and breeding probability, we
assumed that birds returned to their natal area to breed after hatch year. This assumption also
predicts that recruitment compensates for adult mortality, which may obviously overestimate the
number of individuals in an area. We also did not estimate the number of floater individuals,

which may underestimate the number of individuals in the population.
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Ferruginous Hawks are likely a density-dependent species when breeding, as observed in
many territorial bird species (Newton 1998). However, data to demonstrate density-dependence
or parameters to estimate its function are unknown or unavailable. Thus, we modeled the
population as density-independent up to a hard limit. We set a maximum of 14 nests per
township, regardless of landscape characteristics in the township. If relative abundance of nests
within a township exceeded this maximum ceiling, the excess numbers of pairs were dispersed
into a neighbouring township. This prevented townships from having an infinite number of nests,

despite being modeled without an explicit density-dependent function applied to nest survival.

Results

We ran 100 simulations of our benchmark population model and the average population

after 50 years was 983 pairs with an average lambda of 1.0004 (Table 12).

Land cover

In the grassland cultivation to cropland scenarios, grassland cover decreased from 49,398
km? (33%) to 41,992 km? (28%) in the study area over 50 years (Figure 26). In scenarios where
cropland was restored to grassland, grassland cover increased from 49,398 km? (33%) to 56,955

km? (38%).

The scenario with grassland loss forecasted an average lambda greater than 1.0 and

estimated 1000 nests after 50 years, which is a 2% increase from the benchmark scenario (Table
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12) (Figure 27). This scenario thus had the least influence on Ferruginous Hawk populations. A
similar scenario with additional edge each year forecasted an average lambda greater than 1.0

and an estimated 1125 nests after 50 years - a 14% increase from the benchmark scenario.

The scenario with grassland restoration forecasted an average lambda greater than 1.0
and resulted in an estimated 1028 nests after 50 years, which is a 5% increase over the
benchmark scenario in which no land cover or climate changed. When an additional 3.2 km of
edge was added in the grassland restoration scenario each year, average lambda is above 1.0 and
simulations forecast an estimated 1369 nests after 50 years. This simulation forecasted a 39%
increase from the benchmark scenario, which demonstrated the greatest influence on population

size after 50 years.

Climate

Both high and low climate change scenarios forecasted a negative influence on the
Ferruginous Hawk population (Figure 27). The low climate change scenario saw smaller annual
temperature changes in average winter, spring, and monthly temperatures and resulted in a
population with a lambda similar to benchmark values. Simulations forecasted an estimated 981
nests and an average lambda above 1.0, which is a less than a -1% change in population after 50
years. The high climate change scenario forecasted higher temperature change over the same
time period and simulations forecasted an estimated 962 nests and an average lambda greater

than 1.0, which is a -2% change in population after 50 years.
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Cumulative effects

Using a status quo approach for grassland land cover change, we estimated a loss of
0.05% of grassland annually to cropland conversion. With this forecasted land cover change and
under the low climate change scenario, we forecasted 997 nests and an average lambda above 1.0
after 50 years, which is a 1% increase over benchmark numbers over that period (Figure 28). The
high climate change and grassland loss scenario forecasted 957 nests and an average lambda
below 1.0, with a -3% decrease compared to benchmark numbers after 50 years. The high
climate change scenario has the greatest influence under the additive cumulative effects scenario

that included grassland loss.

Under a targeted grassland restoration scenario and expected low climate change, we
forecasted 1025 nests and an average lambda greater than 1.0 after 50 years, which is a 4%
increase over benchmark values. A similar scenario with expected high climate change, our
model forecasted 1013 nests and an average lambda greater than 1.0 after 50 years, which is 3%

higher than benchmark values.

Discussion

Overall, our scenarios demonstrated that simulated land cover change had greater
influence on Ferruginous Hawk population demography than simulated climate change. In our
single-factor sensitivity analyses among land cover and climate change scenarios, targeted

grassland restoration that also added edge was forecasted to have the greatest positive influence
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on the Ferruginous Hawk population in Canada. Conversely, among the land cover and climate
change scenarios we simulated, the high climate change scenario forecasted the greatest decrease
in the Ferruginous Hawk population in Canada after 50 years. The difference between the
relative influence of land cover and climate change is appreciable where climate change
scenarios resulted in a small difference from the benchmark model (-2 to -1% difference). In
comparison, land cover change scenarios resulted in larger differences from the benchmark

model (5 to 14%).

However, we expect land cover and climate to change concurrently. Our simulations
showed that the additive cumulative effects models had diverging forecasts, depending on the
combination of land cover and climate change. Scenarios with targeted grassland restoration,
with either climate change scenario, had a greater relative influence on the Ferruginous Hawk
population in Canada compared to the benchmark model with no land cover or climate change.
Scenarios with grassland loss and either climate change scenario were less influential compared
to both grassland restoration scenarios and the benchmark model. The grassland loss scenarios
also had lower average lambdas than the grassland restoration scenarios were relatively slow to

change population size.

Our results suggest that targeted grassland protection and restoration could benefit the
Ferruginous Hawk population in Canada. Our results from our different scenarios simulating
added edge density to landscapes can be used to inform a strategic grassland restoration program.
Habitat conservation or protection programs target either large continuous tracts or several small-
moderate habitat patches of species’ habitat (i.e., “Single Large or Several Small (SLOSS)”
paradigm (Diamond 1975)). Managers often lack the data to make informed decisions regarding

which strategy is more suitable for a species. For Ferruginous Hawks in Canada, our simulations
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suggest that increasing the amount of grassland cover in townships with approximately 25 to
50% grassland could create more high quality habitat. Our simulation models also show that
adding edge with grassland restoration is predicted to have the relatively greatest positive
influence on hawk populations. Therefore, among our simulated scenarios, restoring grassland
cover in a patchwork design to create a mosaic landscape will likely have the greatest benefit for
the population when considering only our tested options. This approach of adding patches of
grass and edge contrasts with existing grassland restoration programs that generally target
restoration adjacent to tracts of grassland, thus making grassland patches larger. Restoring
grassland connected to larger tracts can still result in landscapes positively associated with
relative nest abundance and nest survival. Assuming that restoration of grassland can achieve or
provide the same mechanisms or characteristics that are positively associated with habitat quality
for Ferruginous Hawks, restoring grassland connected to larger tracts has the potential to benefit
both Ferruginous Hawks and grassland species associated with larger contiguous tracts. This
approach would make efficient use of limited resources for conservation and recovery.
Conservation approaches that protect moderately-sized grassland patches can be complementary
to broader grassland protection programs because it will maintain connectivity between larger
grassland patches, which will benefit many grassland-associated species at risk while also

benefiting Ferruginous Hawks.

This is the first spatially-explicit demographic model for Ferruginous Hawks and has
been useful for assessing the relative influence of land cover and climate change on hawk
populations in Canada. However, we strongly caution against using our model and scenario
results outside of this objective. Our model should not be used to assess actual population trends

or predict future Ferruginous Hawk populations in Canada for several reasons.
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First, our population model did not capture the full complexity of Ferruginous Hawk
demography and could over or underestimate the future population size and average lambda. Our
population model is missing demographic components such as how many birds become floaters,
the true dispersal patterns, and other demographic parameters that vary with age-structure. Many
raptor species, such as Golden Eagles (Aquila chrysaetos) (Wiens et al. 2017) and Black
Kites (Milvus migrans) (Sergio et al. 2011), have vital rates that vary with age. Thus, we expect
that Ferruginous Hawks exhibit ages-structured vital rates, but it has not yet been quantified. As
this information becomes available for Ferruginous Hawks, it should be included in future
population models because it could change recruitment and survival rates that influence
demography. Our model structure also allowed for a considerable rescue effect from birds in the
Unites States, the degree to which is not known. Increasing the complexity of the population

model to reflect Ferruginous Hawk demography will improve the model’s predictive ability.

Second, applying climate change models to predict species response is challenging and
we limited the land cover and climate change scenarios to a few representative scenarios. Our
scenarios simulated climate change by incrementally increasing average seasonal temperatures
using climate forecasts. Our models and conclusions were limited because they did not capture
the stochastic nature of extreme weather events, which are known to negatively influence
Ferruginous Hawk reproduction (Chapter 3, Laux et al. 2016, Wallace et al. 2016b). Ferruginous
Hawk nests are sensitive to extreme weather events, such as rain and wind storms, because nests
can blow out of nest structures. Nest blowouts during the breeding season usually result in
destroyed eggs or nestling mortality (Chapter 3, Laux et al. 2016). Incorporating stochasticity
into the nest survival model and climate change scenarios would better represent the influence of

future climate change. We also did not model how land cover change could change with climate
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change. We assumed that these scenarios are unlikely to occur over the short duration of our
simulations (i.e., 50 years). However, including these changes into our land cover and climate
change scenarios could improve our forecasting, particularly because it is has been demonstrated

that climate change can changed species distribution (Rodenhouse et al. 2008).

Lastly, the relative nest abundance and nest survival models that drove the changes to
population were developed using data collected between 2012 and 2013, and 2010 and 2015,
respectively. The Ferruginous Hawk population in Alberta, and possibly Canada, was relatively
stable or slightly declining during this time period (Redman 2016). Therefore, these models only
reflect a narrow range of conditions and when the population showed little variation. It is also
possible that we did not account for an unknown population driver or use suitable proxies for
hypothesized drivers in our models. Our relative nest abundance and nest survival generally had
high predictive performance, but they should only be used to predict within the range of

environmental and anthropogenic conditions used to develop the models.

Mechanistic studies that explore why land cover change and weather impact habitat
selection, nest abundance, and nest survival are needed (Oliver and Morecroft 2014). Our study
is limited because we applied models that use patterns associated with habitat use and
reproductive performance. We assumed that these patterns are associated with mechanisms that
will hold true through change in landscapes and weather. However, our models can only predict
within the range of parameters evaluated in our original habitat models. As values exceed the
range previously studied, it becomes more uncertain if our models can accurately predict future
relationships. This is particularly true for variables such as weather. Temperature, but also
precipitation and severe weather patterns are expected to change in our study area. As average

seasonal temperature exceeds the range experienced by nesting hawks during the years of our
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study, the predicted relationship with nest survival may change. Identifying mechanisms will

help assess whether patterns hold true under future environments.

Future scenario simulations for Ferruginous Hawks should also investigate the influence
of other land uses. Previous studies have shown that oil and gas development is associated with
different probabilities of habitat use and reproduction. Closer proximity to active oil wells is
associated with home range habitat selection (Chapter 2), but is negatively associated with nest
survival (Chapter 3, Wallace et al. 2016b). At the time of our study, oil and gas development
expansion had slowed. However, approximately 6163 new wells are predicted to be drilled in
Alberta and Saskatchewan, including a proportion of those wells in our study area, in 2018
(PSAC 2018). With market change, oil and gas fields could be developed further. Our spatially-
explicit population included existing infrastructure, but our future scenario models did not
include changes in oil and gas development. Future spatially-explicit models should investigate

the added cumulative effects of industrial development.

Assessing the relative influence of land cover and climate change under different
scenarios provided insight potentially useful for population recovery of this species at risk in
Canada. Recovery plans could prioritize actions by the relative influence of land cover and
climate change. Based on our scenarios, grassland restoration may be an important conservation

tool for Ferruginous Hawks in Canada.
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TABLE 11. VITAL RATES FROM PUBLISHED LITERATURE WHERE FERRUGINOUS HAWK

RESEARCH WAS CONDUCTED IN CANADA AND OUR FIELD STUDY CONDUCTED IN CANADA,

FROM 2010 1O 2016.

Vital rate

relative nest

abundance

probability of
nest survival

(¢Nest)

fledge rate

probability of
recruitment

(¢Recruitment)

probability of
adult survival

(dAdur)

Function of land

cover or climate

land cover

land cover

climate

neither

unknown

unknown

Range of values

0 to 13.5 nests/township

0to 1.0

mean = 2.39
SD=1.00

normal distribution

0.43 to 0.55

uniform distribution

0.71 to 0.87

uniform distribution

Source

a) Chapter 3

b) Schmutz et al. 2008

a) Chapter 3

a) Chapter 3 (n =530

successful nests)

a) field study,
unpublished data

b) Schmutz et al. 2008

a) field study,
unpublished data

b) Schmutz et al. 2008
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TABLE 12. SCENARIOS, POPULATION SIZE AT 50 YEARS, AND RELATIVE INFLUENCE OF LAND COVER AND CLIMATE CHANGE ON

FERRUGINOUS HAWK POPULATIONS IN CANADA. MEAN LAMBDA, POPULATION SIZE, AND EFFECT ARE RELATIVE AMONG MODELS

AND SCENARIOS WE SIMULATED AND DO NOT PREDICT ACTUAL POPULATION GROWTH OF FERRUGINOUS HAWK POPULATIONS.

Objective

Sensitivity

analyses

Scenario

Benchmark

Climate change

Land cover

change

Land cover conversion

No change

No change

No change

Grassland restoration (+0.005 in
townships with originally between 25

and 50% grass)

Cropland conversion (-0.005 in

townships with originally between 25

Climate

Change

No change

RCP 4.5

RCP 8.5

No change

No change

Mean

lambda

1.0004

1.0004

1.00007

1.0013

1.0008

Nests at

50 yrs

983.36

981.29

962.34

1028.16

1000.23

Effect

0.998

0.979

1.046

1.017
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Cumulative

effect analyses

Cumulative effects

and 50% grass)

Grassland restoration (+0.005 plus 3.2
km edge in townships with originally

between 25 and 50% grass)

Cropland conversion in patches (-0.005
plus 3.2 km edge in townships with

originally between 25 and 50% grass)

Cropland conversion (-0.005 in
townships with originally between 25

and 50% grass)

Cropland conversion (-0.005 in
townships with originally between 25

and 50% grass)

Grassland restoration (+0.005 in

townships with originally between 25

No change

No change

RCP 4.5

RCP 8.5

RCP 4.5

1.007

1.003

1.00039

0.9999

1.001

1368.79

1124.59

997

956.57

1025.20

1.392

1.144

1.014

0.973

1.04
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and 50% grass)

Grassland restoration (+0.005 in RCP 8.5 1.001 1013.37 1.03
townships with originally between 25

and 50% grass)
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Equations

EQUATION 2. SUCCESSFUL NESTS PER TOWNSHIP.

= Number of nests per township * ¢n

¢n :Probability of nest survival

EQUATION 3. PRODUCTIVITY PER TOWNSHIP.

= Number of successful nests * m,

m, : fledge rate

EQUATION 4. RECRUITMENT PER TOWNSHIP.

= Productivity * ¢r

¢r :Probability of recruitment

EQUATION 5. BREEDING ADULTS PER TOWNSHIP

= Number of nests per township * 2

EQUATION 6. RETURNING ADULTS PER TOWNSHIP

= Number of breeding adults * ¢a

$a :Probability of adult survival

152



EQUATION 7. POPULATION SIZE (NUMBER OF NESTS)

= (Recruitment + Adults) / 2
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Legend

Canada Rivers

I crassland

0 25 50 100 150 200

Kilometers

FIGURE 24. STUDY AREA IN SOUTHERN ALBERTA AND SASKATCHEWAN WHERE SURVEYS AND

NEST MONITORING OF FERRUGINOUS HAWK NESTS WAS CONDUCTED.
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Annual time step

T

Land cover change

Climate change
A

Nests per township
- Applied relative nest abundance model
- Spatially-explicit model, dependent on
land cover and climate change

v

Successful nests per township
- Applied nest survival model

- Spatially-explicit model, dependent on
land cover and climate change

Breeding adults per township

= Number of nests x 2

= Number of nests/township x ¢y

v

Productivity per township

= Number of successful nests x my

¢ Y

Recruitment per township Returning adults per township

= Productivity X oOg = Number of breeding adults x ¢4

|
!

Population size (number of nests)

= (Recruitment + Adults)/2

(NL+ 1s T1+l)

ON = Onest, probability of nest survival

dA = Padur, probability of adult survival

OR = QRecruitment, probability of recruitment

Ma = MAapparent, apparent fledge rate

FIGURE 25. POPULATION MODEL FOR FERRUGINOUS HAWKS UNDER CHANGING LAND COVER

AND CLIMATE CHANGE.
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FIGURE 26. CHANGE IN TOTAL GRASSLAND COVER OVER STUDY AREA IN GRASSLAND

CONVERSION AND CULTIVATION SCENARIOS.
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FIGURE 27. ESTIMATED POPULATION SIZE UNDER LAND COVER AND CLIMATE CHANGE
SCENARIOS. A) INCREASE AND DECREASE OF GRASSLAND COVER BY 0.005% WITH AND
WITHOUT ADDED EDGE. B) CLIMATE CHANGE SCENARIOS USING SEASONAL WEATHER
CHANGES FORECASTED BE RCP 4.5 AND RCP 8.5 CLIMATE SCENARIOS. MEAN LAMBDA,
POPULATION SIZE, AND EFFECT ARE RELATIVE AMONG MODELS AND SCENARIOS WE
SIMULATED AND DO NOT PREDICT ACTUAL POPULATION GROWTH OF FERRUGINOUS HAWK

POPULATIONS.
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FIGURE 28. CUMULATIVE EFFECT SCENARIOS SIMULATED WITH GRASSLAND COVER AND
CLIMATE CHANGE. MEAN LAMBDA, POPULATION SIZE, AND EFFECT ARE RELATIVE AMONG
MODELS AND SCENARIOS WE SIMULATED AND DO NOT PREDICT ACTUAL POPULATION GROWTH

OF FERRUGINOUS HAWK POPULATIONS.
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Chapter 6: Synthesis

Influence of land use and climate on habitat quality

Heterogeneous landscapes composed of moderate amounts of cropland and grassland,
with moderate edge densities, were associated with good habitat quality for Ferruginous Hawks.
Our study found these heterogeneous landscapes were associated with home range (2.5 km
radius) habitat selection, nest abundance within townships, nest survival, and prey delivery rate.
Determining the mechanisms behind this common pattern is integral to understanding how
landscape change can potentially influence Ferruginous Hawk populations in the future.
Heterogeneous landscapes should be considered to be an important part of habitat management

plans for Ferruginous Hawk population conservation and recovery in Canada.

Industrial development in southern Alberta and Saskatchewan has been a concern for this
species at risk (Alberta Environment and Parks 2009), particularly for those Ferruginous Hawks
observed nesting in landscapes with existing oil and gas development and where new
development may occur near recently active nests. Our study found that hawks were more likely
to select home ranges in areas with higher densities of resource roads and nearer to active oil
wells. However, nest survival was lower in areas with high densities of active oil wells compared
to areas with low or moderate densities. This pattern suggests that landscapes with high densities
of active oil wells may be an ecological trap for Ferruginous Hawks. Future studies should
compare overall productivity, nest survival, adult survival or condition, and post-fledging
juvenile survival for nests located within and those far from areas with high densities of active

oil wells to test whether areas with high densities of active oil wells are ecological traps or
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population sinks. In contrast to landscapes with high densities of oil wells, Ferruginous Hawks
were more likely to have higher nest survival in areas with medium and high densities of active
gas wells. These results suggest that there are different mechanisms for oil development than for
gas development influencing Ferruginous Hawk breeding ecology. Identifying these mechanisms
will be important for developing mitigation options (e.g., modified industrial site management
practices) for existing development near nests, predicting impact to Ferruginous Hawk
populations under different oil and gas market demand scenarios, and developing cumulative

effects plans for new development to avoid negative impacts.

Prey availability is one potential mechanism that is influenced by landscape
characteristics and industrial development. Studies have demonstrated that Ferruginous Hawk
population dynamics are closely linked to their prey (reviewed in Chapter 4 and Ng et al. 2017);
therefore, exploring the relationship between brood provisioning and the landscape around the
nest could be important for understanding population dynamics. Our study found that brood
provisioning could be predicted, in part, by landscape characteristics and oil well density within
a 1000 m radius around the nest. Land cover types and edge surrounding the nest may provide
physical structures such as perches, or vegetation structure conducive to prey capture or may be
related to prey abundance (review in Chapter 4). Prey may also be related to soil characteristics,
which we showed were predictive of home range habitat selection and nest abundance (Chapter 2
and 3). While Ferruginous Hawks do not generally interact directly with soil, soil may influence
distribution and abundance of their main prey, the fossorial Richardson’s Ground Squirrel. Our
analyses found that seasonal weather was a better predictor for delivery of Richardson’s Ground

Squirrels than any tested landscape variable. In depth study of Richardson’s Ground Squirrel
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habitat use, at micro and macro scales, and associated population dynamics would be valuable to

improving our understanding of Ferruginous Hawk habitat use and reproductive performance.

Certain climate normals and seasonal weather were also predictors of Ferruginous Hawk
habitat quality (Chapter 3). Our study found that landscapes with warmer springs and less
precipitation predicted home range habitat selection and nest survival was also higher when the
winter prior to the breeding season had a lower mean temperature (Chapter 2). Higher mean
spring temperatures and mean monthly temperature during the breeding season also predicted
higher nest survival (Chapter 3). Regardless of mechanisms, Ferruginous Hawk breeding
ecology is associated with certain climate normals and seasonal weather. Under climate change,
we expect temperature and precipitation patterns to change (Pachauri et al. 2014) and it is not
known whether Ferruginous Hawks can adapt. We predict that changing climate normals and
seasonal weather, like those included in our study, would impact future Ferruginous Hawk
reproductive performance and populations (Chapter 5); however, we acknowledge that there are
undoubtedly many additional factors, which we were unable to address in our study, that would

vary with future climate change and likely further influence the demography of this species.

In southern Alberta and Saskatchewan, land use and climate (including seasonal weather)
have cumulative effects that influence Ferruginous Hawk habitat use and reproduction (Chapters
2 and 3). Most of our habitat and reproduction models suggested effects were additive in nature,
but there was an interaction between land cover and seasonal weather that influenced brood
provisioning (Chapter 4). The cumulative effects approach in our study design and analyses was
essential for exploring how multiple land uses and climate, including seasonal weather, may

combine to impact Ferruginous Hawks.
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Recommendations for conservation and management

Land cover management

Landscape ecologists often deliberate whether a “single large or several small (SLOSS)”
approach to protected areas design will provide the most benefit to wildlife populations
(Diamond 1975). Outside of protected areas, the same concept is important for strategic
landscape conservation at large spatial extents. Often the available habitat and reproduction data
is lacking to make an informed decision. Without data suggesting otherwise, many habitat
conservation approaches focus on protecting large reserves because this approach is often
thought to benefit many species. However, this approach may not be the most beneficial option

for some species.

For Ferruginous Hawks in Canada, our study comprehensively evaluated habitat and
reproduction ecology. This body of work demonstrates that heterogeneous landscapes are
positively associated with habitat use at multiple scales (i.e., home range habitat selection at 2.5-
km radius and relative nest abundance at the township scale, Chapters 2 and 3), reproductive
performance (Chapter 3), and prey delivery rates (Chapter 4). We suggest that protecting patches
of grassland in landscapes with moderate amounts of cropland should benefit Ferruginous Hawk

populations more than focusing on large contiguous tracts of grassland cover.

In some landscapes in Canada, only a small proportion of native grassland remains (De
Smet 1991, Hammermeister et al. 2001, The Alberta Biodiversity Monitoring Institute 2015).
Therefore, grassland restoration could be an important conservation tool for Ferruginous Hawks,

assuming that restoration can successfully reconstruct those grassland habitat characteristics and
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conditions that are beneficial for this species. Our simulations demonstrated that land cover
change has the greater relative influence than the climate change variables we included (i.e.,
average seasonal temperatures), given the particulars of our scenarios, on Ferruginous Hawk
populations in Canada (Chapter 5). Scenarios with targeted grassland restoration under either
climate change scenario showed a general positive influence on the population; therefore, this
should be considered for incorporation into strategies for conserving and recovering Ferruginous

Hawk populations in Canada.

The majority of grassland protection and restoration programs in Canada focus on
maintaining or expanding large tracts of grassland, but this approach should be re-evaluated for
Ferruginous Hawks, given that the species seems to benefit from landscapes with mixed
landcovers. In addition, grassland conservation and restoration is challenging and limited by
resources, requiring strategic approaches to achieve goals. We propose that a conservation
approach that protects and restores grassland patches can be complementary to broader grassland
conservation programs that are focused on large grassland expanses. Protecting or restoring
grassland patches near or connected to larger tracts of grassland is likely to benefit Ferruginous
Hawks. This approach will also meet grassland conservation objectives for other species by
maintaining low isolation or decreasing the degree of isolation for the target grassland patches. A
high concentration of species of risk is found in Canada’s grassland regions; therefore, it is
crucial for species at risk recovery that efficiencies are found wherever species recovery goals

and approaches overlap for aspects of grassland conservation and restoration.
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Mitigation hierarchy

In the Canadian Prairies, multiple land uses on a landscape are common. Farming,
ranching, oil and gas extraction, power transmission, wind and other renewable energy
generation are common across the study area. A landscape may have all of these land uses
occurring and some may be spatially co-occurring or overlapping. Managing and reducing their
cumulative effects requires identifying their potential impact, prioritizing conservation needs,
and allocating resources to create the most benefit. A mitigation hierarchy is a common approach
to manage risk, where negative cumulative effects are avoided, mitigated, and lastly offset or

compensated to reduce human impact.

In a mitigation hierarchy, avoiding potential impact is the first and best approach to
reducing further negative effects to wildlife and landscapes. Further cultivation of grassland into
cropland and high densities of oil development (>25 wells within a 2500 m radius of the nest)
should be avoided in important Ferruginous Hawk habitats (see Chapters 2, 3, and 4).
Landscapes with homogenous land covers and high densities of oil wells are associated with
negative impacts to habitat use and reproductive performance. As well, Ferruginous Hawks are
only one species at risk for which landscapes must be managed, and many species at risk in the
Canadian grasslands would be negatively impacted by further grassland cover loss. Therefore,
avoiding further cultivation would benefit Ferruginous Hawks in mixed landscapes, and other
grassland-associated species at risk in other landscapes, within the grassland regions of Canada.
Managers should also avoid adding potential cumulative effects that could impact hawk
populations. For example, wind farms should be macro-sited away from important hawk habitat

because turbines may reduce probability of survival and home range occupancy (J. Watson,
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unpublished data, reviewed in Chapter 2). Wind turbines also could be placed within cropland far
from cropland-grassland edges. We recommend that our spatially-explicit risk map (Chapter 2)
be used for proactively macro-siting new wind farms away from habitat important to Ferruginous
Hawks and avoiding adding cumulative effects to their populations. However, we caution that
macro-siting should also concurrently consider the habitat associations and distributions of other
species too. Generally avoiding wind development that could negatively impact Ferruginous
Hawks in the identified primary and secondary habitats (Chapter 3) would be a beneficial
management practice. Our study also identified landscapes where wind development may have
less impact to the Ferruginous Hawk population, thereby providing options for avoiding

important habitat (Chapters 2 and 3).

If development cannot be avoided in important Ferruginous Hawk habitats, then
mitigation is the next step in a mitigation hierarchy. Mitigation can be actions or strategies used
to reduce the negative impact of development or disturbance. We found that nests located on
human structures were strongly positively associated with nest survival (Appendix B). This
result is supported by multiple studies that found similar patterns with nests located on artificial
nest platforms and human structures (reviewed in Appendix B). If a nest is destroyed or at risk,
installing an artificial nest platform in sifu or nearby could be a local, immediate mitigation
measure that would likely benefit individual Ferruginous Hawk pairs. The long term impact to
the Ferruginous Hawk population of adding platforms to a landscape is unknown and the
interactions of habitat selection, reproduction, density-dependence, and prey population
dynamics are ecologically complex and unpredictable. Artificial nest platforms are often used as
a ‘Go To’ mitigation tool for industrial disturbance, but instead should be used as a last resort for

mitigation or offset. Oil well reclamation may be a broader scale mitigation option to reduce the
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negative impact of high density oil development to Ferruginous Hawks. Reducing the number of
active oil wells in high density oil development areas near existing Ferruginous Hawk nests, or
inside potentially important habitat, could decrease the potential impact to average nest survival.
However, without understanding the mechanisms explaining the relationship between nest
survival and oil development, it is unknown whether suspension, decommissioning, and
reclamation of wells would reduce the impact, especially if more oil wells were then drilled.
Within similar landscapes, future study could use an experimental approach to explore the
impact of reducing densities of active oil wells (e.g., oil well suspension, decommissioning, and

well site reclamation) on Ferruginous Hawk reproductive performance.

Regulators and industry may use offsets to reduce the overall impact of human
development where avoidance or mitigation is not possible. In the case of wind energy
development, we identified landscapes of high conservation value for Ferruginous Hawks
(Chapter 2). These landscapes have high potential as important hawk habitat (i.e., high
probability of home range habitat selection) and low wind potential (i.e., low likelihood of wind
development projects). They would be ideal landscapes to protect or enhance to reduce overall
impact of future wind development to Ferruginous Hawk populations. Our habitat state
framework (Chapter 3) also identified primary and secondary habitats that would be best to
target for protection or enhancement because Ferruginous Hawk nest abundance and nest
survival are predicted to be relatively high in those areas. Habitat management in landscapes
identified as high or moderate concern (Chapter 3) could also decrease risk to Ferruginous
Hawks if limiting factors are addressed. Offsets in the form of grassland restoration in these
primary or secondary habitats could benefit future hawk populations and aid in species recovery,

provided that grassland restoration could be done in a fulsome way that re-creates high quality
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habitat for Ferruginous Hawks. Offset and compensation should be the last resort for reducing
human-related negative impacts to Ferruginous Hawks, but it is important that such options are

identified, in case they are needed.

Species conservation and recovery actions

Our home range habitat selection (Chapter 2) and relative nest abundance models
(Chapter 3) are being used to identify important hawk habitats for the Government of Alberta
(Alberta Environment and Parks) and the Government of Canada (Environment and Climate
Change Canada). Our study demonstrates how spatially-explicit models can be used to

understand the relative influences of potential population drivers.

Recommendations for future research

Our study was able to address the complexity of cumulative effects because our study
was conducted over a large spatial extent, addressed research objectives at multiple spatial
scales, and had large sample sizes for each study component. Our research was conducted over a
study area approximately 153,000 km?, covering the majority of the species’ range in Canada.
This large spatial extent allowed us to use a stratified design to survey for, and monitor, nests
across a gradient of land cover compositions. To maximize the number of nests studied in each
stratum, an immense effort went into nest searching and monitoring nests throughout the

breeding season to acquire large sample sizes. Between 2010 and 2015, we found 907 unique
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nests, conducted over 10,000 nest visits involving more than 1533 nesting attempts, and installed
video systems at over 80 nests. We were able to monitor a similar number of nests in each
stratum because we deliberately focused our efforts on finding and monitoring nests within
townships where landscapes suited our stratified study design. This adaptive strategy allowed us
to attain relatively equal sample sizes across the strata and improved the rigour of our analyses.
We also deliberately monitored nests, not only across strata, but also geographically spread
throughout the study area. This large geographic extent and five years of nest monitoring
allowed us to include pairs that experienced different seasonal weather patterns, compared to
studies that were conducted over local or regional extents over shorter time periods. Monitoring
clusters of nests would have saved time, but surveying for and monitoring nests located over a
large and varied study area allowed us to reduce spatial autocorrelation. We believe that

sampling over a large spatial extent was essential for addressing our research objectives.

Quantifying habitat use and reproduction for a relatively uncommon and wide-ranging
species is effort-intensive. We argue that it is worth the effort to use a rigorous cumulative
effects approach to gain a more thorough understanding of the influence of environmental and
anthropogenic variables on wildlife populations. Cumulative effects from landscape and human
development variables likely occur at small to large spatial extents. Therefore, studying their

potential influence should also occur at multiple spatial scales over large spatial extents.

Predicting the influence of climate change on Ferruginous Hawk habitat use and
reproduction is difficult because climate change and land use are likely interactive (Oliver and
Morecroft 2014). We also did not model multiple environmental processes, such as grazing or
fire, which are expected to be influenced by climate change and land use and could in turn

influence habitat or prey for Ferruginous Hawks. This limits our conclusions, particularly our
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scenario simulations, because both grazing and fire are important ecological processes with
cascading effects. We also did not assess how changing temperature and precipitation patterns
are expected to influence land cover and land use, which may change the distribution of
Ferruginous Hawks in Canada. In addition, we collected reproductive data during a relatively
narrow window in time (between 2010 and 2015), so we were not able to assess the influence of
drought periods on Ferruginous Hawk densities and reproduction. Richardson’s Ground Squirrel
survival and reproduction is hypothesized, and reported by local traditional knowledge, to be
positively associated with drought. Forecasts of climate change in the Canadian Prairies include
greater frequency and severity of drought conditions (Pachauri et al. 2014), which may interact
with ground squirrel populations to positively influence future Ferruginous Hawk populations.
Future study of Ferruginous Hawks and their main prey in Canada, Richardson’s Ground
Squirrels, would ideally include an approach that addresses the complexity of climate change and
land use, and their interactions, to more accurately assess the future impact of climate change on

this species at risk.

In Canada, Richardson’s Ground Squirrels are an integral component of Ferruginous
Hawk ecology (Schmutz and Hungle 1989a, Schmutz et al. 2008). They form the majority of the
prey base (i.e., biomass) for adult, nestling, and fledgling Ferruginous Hawks. Fluctuations in
Ferruginous Hawk population demography have been associated with the availability of
Richardson’s Ground Squirrels (Schmutz and Hungle 1989a, Schmutz et al. 2008). Given their
importance to Ferruginous Hawks, including ground squirrel ecology into conservation and
recovery plans for Ferruginous Hawks should be beneficial. For example, ground squirrel burrow
counts were positively associated with increased grazing intensity and decreased vegetation

biomass in upland habitats (Bylo et al. 2014). Other studies have also shown associations with
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shorter vegetation (Downey et al. 2006, Proulx et al. 2012, Fortney 2013). Managing grass cover
in a heterogeneous manner, using a range of grazing intensities, may improve ground squirrel
abundance for Ferruginous Hawks and could influence Ferruginous Hawk survival and
reproductive performance. Our study mainly dealt with the composition of landscapes with
respect to major land cover types with edge density as an additional landscape characteristic, but
future studies should evaluate how varied grazing intensities in upland grassland landscapes of
different grass cover composition and configuration could influence ground squirrel abundance
and availability. Ferruginous Hawk nestlings, on average, hatch when juvenile ground squirrels
emerge above ground (Schmutz et al. 1980b), resulting in high abundances of both adults and
juveniles available for capture. Climate change may modify the phenology and fitness of
Richardson’s Ground Squirrels in Canada, as has been documented for Columbian Ground
Squirrels (Urocitellus columbianus) (Lane et al. 2012). Such phenological mismatches could
negatively impact Ferruginous Hawk productivity and thus future recruitment. These potential
avenues of study also describe the limitations of our population demographic model and future
scenario modeling (Chapter 5) because the impacts of these additional factors or processes on
Ferruginous Hawk demography are not known. Future studies into Ferruginous Hawk survival

and productivity should incorporate these complexities to better predict impacts to this species.

Research contributions

Our study has demonstrated how landscape characteristics and climate, including

seasonal weather, are important to Ferruginous Hawks during the breeding season. We are
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confident in our results because we structured our study design to specifically address large
spatial scale landscape, climate, and seasonal weather research objectives. Our results support an
earlier, more local study that found Ferruginous Hawk nests are most abundant in landscapes
containing both cropland and grassland within Alberta (Schmutz 1989). Our study also found
that heterogeneous landscapes and some types of industrial infrastructure are positively
associated with important components of Ferruginous Hawk ecology, including home range
habitat selection, nest survival, and daily prey delivery rates. These findings may be surprising
because Ferruginous Hawks were conventionally considered to be dependent on large tracts of
contiguous grassland. However, our study and others (Schmutz 1989) suggest that moderately-
sized patches of grassland, within a landscape mixed with cropland, are important for

Ferruginous Hawk populations in Canada.

Our cumulative effects approach was essential for assessing the impacts of multiple land
uses and climate on Ferruginous Hawks during the breeding season. Studies of cumulative
impact often focus on the human footprint, but our study demonstrated the need to incorporate
climate or weather into cumulative effects models. Climate and weather can potentially have a
large impact on breeding ecology (Both et al. 2009b, Aubry et al. 2013), but the impact can also
be spread over a large spatial extent and affect a large proportion of the population. The additive
cumulative effects of changing climate and seasonal weather on species with large distributions,
such as the Ferruginous Hawk, could be high. Our study also assessed the relative influence of
multiple stressors. Mapping cumulative effects using spatially-explicit models quantified the
relative influence of a stressor on a population by identifying its spatial extent of influence. This
mapping with spatially-explicit data identified landscapes of conservation value for the species,

as well as landscapes that may be ecological traps or population sinks. These assessments are
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particularly relevant for species at risk, such as the Ferruginous Hawk (SAR Public Registry
2010), because they are informative for conservation and recovery plans. Future studies of wide-
ranging wildlife that may encounter multiple land uses, land cover types, and changing climate
would benefit from using a cumulative effects approach to begin to disentangle potentially

interacting predictors.

172



Bibliography

Aizpurua, O., L. Cantu-Salazar, G. S. Martin, F. Sarda-Palomera, G. Gargallo, S. Herrando, L.
Brotons, and N. Titeux. 2017. Evaluating the reliability of species distribution models
with an indirect measure of bird reproductive performance. Journal of Avian Biology
48:1575-1582.

Alberta Environment and Parks. 2009. Alberta Ferruginous Hawk Recovery Plan 2009-2014.
Alberta Environment and Parks,, Edmonton, Alberta, Canada.

Aldridge, C., L. , and M. S. Boyce. 2007. Linking occurrence and fitness to persistence: habitat-
based approach for endangered Greater Sage-Grouse. Ecological Applications 17:508-
526.

Anderson, D., and K. Burnham. 2004. Model selection and multi-model inference. Second. NY:
Springer-Verlag.

Antonova, N. V. 2000. Mapping ferruginous hawk habitat using satellite data. Western
Washington University.

Arlt, D., and T. Pért. 2007. Nonideal breeding habitat selection: a mismatch between preference
and fitness. Ecology 88:792-801.

Arnett, E. B., M. M. P. Huso, M. R. Schirmacher, and J. P. Hayes. 2011. Altering turbine speed
reduces bat mortality at wind-energy facilities. Frontiers in Ecology and the Environment
9:209-214.

Arnold, T. W. 2010. Uninformative parameters and model selection using Akaike's Information

Criterion. Journal of Wildlife Management 74:1175-1178.

173



Aubry, L. M., R. F. Rockwell, E. G. Cooch, R. W. Brook, C. P. H. Mulder, and D. N. Koons.
2013. Climate change, phenology, and habitat degradation: drivers of gosling body
condition and juvenile survival in lesser snow geese. Global Change Biology 19:149-160.

Avila-Flores, R., M. S. Boyce, and S. Boutin. 2010. Habitat selection by prairie dogs in a
disturbed landscape at the edge of their geographic range. Journal of Wildlife
Management 74:945-953.

Baerwald, E. F., G. H. D'Amours, B. J. Klug, and R. M. Barclay. 2008. Barotrauma is a
significant cause of bat fatalities at wind turbines. Current Biology 18:R695-R696.

Baisner, A. J., J. L. Andersen, A. Findsen, S. W. Yde Granath, K. @. Madsen, and M. Desholm.
2010. Minimizing collision risk between migrating raptors and marine wind farms:
development of a spatial planning tool. Environmental Management 46:801-808.

Balotari-Chiebao, F., J. E. Brommer, T. Niinimiki, and T. Laaksonen. 2016. Proximity to wind-
power plants reduces the breeding success of the white-tailed eagle. Animal Conservation
19:265-272.

Barrios, L., and A. Rodriguez. 2004. Behavioural and environmental correlates of soaring-bird
mortality at on-shore wind turbines. Journal of Applied Ecology 41:72-81.

Battin, J. 2004. When good animals love bad habitats: ecological traps and the conservation of
animal populations. Conservation Biology 18:1482-1491.

Bechard, M. J. 1982. Effect of vegetative cover on foraging site selection by Swainson's Hawk
(Buteo swainsonii). Condor 84:153-159.

Beckmann, J. P., K. Murray, R. G. Seidler, and J. Berger. 2012. Human-mediated shifts in
animal habitat use: sequential changes in pronghorn use of a natural gas field in Greater

Yellowstone. Biological Conservation 147:222-233.

174



Beever, E. A., C. Ray, J. L. Wilkening, P. F. Brussard, and P. W. Mote. 2011. Contemporary
climate change alters the pace and drivers of extinction. Global Change Biology 17:2054-
2070.

Bellard, C., C. Bertelsmeier, P. Leadley, W. Thuiller, and F. Courchamp. 2012. Impacts of
climate change on the future of biodiversity. Ecology Letters 15:365-377.

Bennett, V. J., A. M. Hale, K. B. Karsten, C. E. Gordon, and B. J. Suson. 2014. Effect of wind
turbine proximity on nesting success in shrub-nesting birds. American Midland Naturalist
172:317-328.

Bernath-Plaisted, J., and N. Koper. 2016. Physical footprint of oil and gas infrastructure, not
anthropogenic noise, reduces nesting success of some grassland songbirds. Biological
Conservation 204:434-441.

Best, L. B. 1986. Conservation tillage: ecological traps for nesting birds? Wildlife Society
Bulletin 14:308-317.

Best, L. B., H. Campa, K. E. Kemp, R. J. Robel, M. R. Ryan, J. A. Savidge, H. P. Weeks, and S.
R. Winterstein. 1997. Bird abundance and nesting in CRP fields and cropland in the
Midwest: a regional approach. Wildlife Society Bulletin 25:864-877.

Beston, J. A., J. E. Diffendorfer, S. R. Loss, and D. H. Johnson. 2016. Prioritizing avian species
for their risk of population-level consequences from wind energy development. PLoS
ONE 11:e0150813.

Bias, M. A., and R. J. Gutiérrez. 1992. Habitat associations of California Spotted Owls in the
Central Sierra Nevada. The Journal of Wildlife Management 56:584-595.

Blair, C. L., and F. Schitoskey, Jr. 1982. Breeding biology and diet of the Ferruginous Hawk in

South Dakota. Wilson Bulletin 94:46-54.

175



Board, N. E. 2016. Canada’s Energy Future 2016: Energy Supply and Demand Projections to
2040. National Energy Board, Ottawa, Ontario, Canada.

Boarman, W. 1. 2003. Managing a subsidized predator population: reducing Common Raven
predation on Desert Tortoises. Environmental Management 32:205-217.

Bock, C. E., and Z. F. Jones. 2004. Avian habitat evaluation: should counting birds count?
Frontiers in Ecology and the Environment 2:403-410.

Bonal, R., and J. M. Aparicio. 2008. Evidence of prey depletion around lesser kestrel (Falco
naumanni) colonies and its short term negative consequences. Journal of Avian Biology
39:189-197.

Bond, W.J., and C. L. Parr. 2010. Beyond the forest edge: ecology, diversity and conservation of
the grassy biomes. Biological Conservation 143:2395-2404.

Both, C., M. Van Asch, R. G. Bijlsma, A. B. Van Den Burg, and M. E. Visser. 2009a. Climate
change and unequal phenological changes across four trophic levels: constraints or
adaptations? Journal of Animal Ecology 78:73-83.

Both, C., C. A. M. Van Turnhout, R. G. Bijlsma, H. Siepel, A. J. Van Strien, and R. P. B.
Foppen. 2009b. Avian population consequences of climate change are most severe for
long-distance migrants in seasonal habitats. Proceedings of the Royal Society B:
Biological Sciences 277: 1259-1266.

Boyce, M. S. 2011. Energy development and wildlife conservation in western North America.
Island Press, Washington, D.C., United States.

Boyce, M. S., P. R. Vernier, S. E. Nielsen, and F. K. A. Schmiegelow. 2002. Evaluating resource

selection functions. Ecological Modelling 157:281-300.

176



Bradley, C. E., and D. G. Smith. 1986. Plains cottonwood recruitment and survival on a prairie
meandering river floodplain, Milk River, southern Alberta and northern Montana.
Canadian Journal of Botany 64:1433-1442.

Brennan, L. A., and W. P. Kuvlesky, Jr. 2005. North American grassland birds: an unfolding
conservation crisis? The Journal of Wildlife Management 69:1-13.

Burnham, K., and D. Anderson. 2002. Model selection and multimodel inference: a practical
information-theoretic approach. Springer, New York, New York, United States.

Bylo, L. N., N. Koper, and K. A. Molloy. 2014. Grazing intensity influences ground squirrel and
American Badger habitat use in mixed-grass prairies. Rangeland Ecology & Management
67:247-254.

Canadian Wind Energy Association. 2016. CANWEA Wind Energy Markets National.

Carbone, C., and J. L. Gittleman. 2002. A common rule for the scaling of carnivore density.
Science 295:2273-2276.

Carrete, M., J. A. Sanchez-Zapata, J. R. Benitez, M. Lob6n, and J. A. Dondzar. 2009. Large scale
risk-assessment of wind-farms on population viability of a globally endangered long-
lived raptor. Biological Conservation 142:2954-2961.

Carrete, M., J. A. Sanchez-Zapata, J. R. Benitez, M. Lobon, F. Montoya, and J. A. Donazar.
2012. Mortality at wind-farms is positively related to large-scale distribution and
aggregation in griffon vultures. Biological Conservation 145:102-108.

Chalfoun, A. D., and T. E. Martin. 2007. Assessments of habitat preferences and quality depend

on spatial scale and metrics of fitness. Journal of Applied Ecology 44:983-992.

177



Chubbs, T. E., L. B. Keith, S. P. Mahoney, and M. J. McGrath. 1993. Responses of woodland
caribou (Rangifer tarandus caribou) to clear-cutting in east-central Newfoundland.
Canadian Journal of Zoology 71:487-493.

Clarke Murray, C., S. Agbayani, and N. C. Ban. 2015. Cumulative effects of planned industrial
development and climate change on marine ecosystems. Global Ecology and
Conservation 4:110-116.

Coates, P. S., K. B. Howe, M. L. Casazza, and D. J. Delehanty. 2014a. Common Raven
occurrence in relation to energy transmission line corridors transiting human-altered
sagebrush steppe. Journal of Arid Environments 111:68-78.

Coates, P. S., K. B. Howe, M. L. Casazza, and D. J. Delehanty. 2014b. Landscape alterations
influence differential habitat use of nesting buteos and ravens within sagebrush
ecosystem: Implications for transmission line development. Condor 116:341-356.

Cody, M. L. 1985. Habitat selection in birds. Academic Press, Department of Biology,
University of California, Los Angeles, U.S.A.

Cook, R. R., J. L. E. Cartron, and P. J. Polechla Jr. 2003. The importance of prairie dogs to
nesting ferruginous hawks in grassland ecosystems. Wildlife Society Bulletin 31:1073-
1082.

Copeland, H. E., A. Pocewicz, and J. M. Kiesecker. 2011. Geography of energy development in
western North America: potential impacts on terrestrial ecosystems. Pages 7-22 in D. E.
Naugle, editor. Energy development and wildlife conservation in Western North

America. Island Press/Center for Resource Economics, Washington, D.C.

178



COSEWIC. 2008. Assessment and update status report on the Ferruginous Hawk Buteo regalis
in Canada. Committee on the Status of Endangered Wildlife in Canada, Ottawa, Ontario,
Canada.

Coté, I. M., E. S. Darling, and C. J. Brown. 2016. Interactions among ecosystem stressors and
their importance in conservation. Proceedings of the Royal Society B: Biological
Sciences 283.

Crain, C. M., K. Kroeker, and B. S. Halpern. 2008. Interactive and cumulative effects of multiple
human stressors in marine systems. Ecology Letters 11:1304-1315.

Culp, L. A, E. B. Cohen, A. L. Scarpignato, W. E. Thogmartin, and P. P. Marra. 2017. Full
annual cycle climate change vulnerability assessment for migratory birds. Ecosphere
8:¢01565.

Darling, E. S., and I. M. Coté. 2008. Quantifying the evidence for ecological synergies. Ecology
Letters 11:1278-1286.

Datta, S. 2016. Raptors in temperate grasslands: ecology of Ferruginous Hawk, Golden Eagle,
and Northern Harrier in the Northern Great Plains. Dissertation - Open Access. South
Dakota State University, Brookings, South Dakota, United States.

Dawe, K. L., E. M. Bayne, and S. Boutin. 2014. Influence of climate and human land use on the
distribution of white-tailed deer (Odocoileus virginianus) in the western boreal forest.
Canadian Journal of Zoology 92:353-363.

Dawe, K. L., and S. Boutin. 2016. Climate change is the primary driver of white-tailed deer
(Odocoileus virginianus) range expansion at the northern extent of its range; land use is

secondary. Ecology and Evolution 6:6435-6451.

179



Dawson, R. D., and G. R. Bortolotti. 2000. Reproductive success of American Kestrels: the role
of prey abundance and weather. Condor 102:814-822.

De Lucas, M., M. Ferrer, M. J. Bechard, and A. R. Mufioz. 2012. Griffon vulture mortality at
wind farms in southern Spain: distribution of fatalities and active mitigation measures.
Biological Conservation 147:184-189.

De Lucas, M., G. F. E. Janss, D. P. Whitfield, and M. Ferrer. 2008. Collision fatality of raptors in
wind farms does not depend on raptor abundance. Journal of Applied Ecology 45:1695-
1703.

De Smet, K. D. 1991. Manitoba's Threatened and Endangered Grassland Birds Project: 1990
Update. Manitoba Natural Resources, Wildlife Branch, Winnipeg, Manitoba, Canada.

Diamond, J. M. 1975. The island dilemma: Lessons of modern biogeographic studies for the
design of natural reserves. Biological Conservation 7:129-146.

Dobson, F. S., J. E. Lane, M. Low, and J. O. Murie. 2016. Fitness implications of seasonal
climate variation in Columbian ground squirrels. Ecology and Evolution 6:5614-5622.

Donazar, J. A., J. J. Negro, F. Hiraldo, and F. Hiraldo. 1993. Foraging habitat selection, land-use
changes and population decline in the Lesser Kestrel (Falco naumanni). Journal of
Applied Ecology 30:515-522.

Downey, B. A., P. F. Jones, R. W. Quinlan, and G. J. Scrimgeour. 2006. Use of playback alarm
calls to detect and quantify habitat use by Richardson's ground squirrels. Wildlife Society
Bulletin 34:480-484.

Drewitt, A. L., and R. H. W. Langston. 2006. Assessing the impacts of wind farms on birds. Ibis

148:29-42.

180



Dunning, J. B., B. J. Danielson, and H. R. Pulliam. 1992. Ecological processes that affect
populations in complex landscapes. Oikos 65:169-175.

Dwyer, J. F., M. A. Landon, and E. K. Mojica. 2018. Impact of Renewable Energy Sources on
Birds of Prey. Pages 303-321 in J. H. Sarasola, J. M. Grande, and J. J. Negro, editors.
Birds of Prey: Biology and conservation in the XXI century. Springer International
Publishing, Cham, Switzerland.

Eckenwalder, J. E. 1977. North American cottonwoods (Populus, Salicaceae) of sections Abaso
and Aigeiros. Journal of the Arnold Arboretum 58:193-208.

Eglington, S. M., and J. W. Pearce-Higgins. 2012. Disentangling the relative importance of
changes in climate and land-use intensity in driving recent bird population trends. PLoS
ONE 7:e30407.

Elliott, D., C. Holladay, W. Barchet, H. Foote, and W. Sandusky. 1987. Wind energy resource
atlas of the United States. NASA STI/Recon Technical Report N 87:24819.

Engler, J. O., D. Stiels, K. Schidelko, D. Strubbe, P. Quillfeldt, and M. Brambilla. 2017. Avian
SDMs: current state, challenges, and opportunities. Journal of Avian Biology 48:1483-
1504.

Environment and Climate Change Canada. 2013. Medicine Hat, Alberta.
http://climate.weather.gc.ca/. Page Historical climate data. Government of Canada,
Ottawa, Ontario, Canada.

ESRI. 2012. ArcGIS 10.1. Environmental Systems Research Institute, Inc. Redlands, CA.

Fahrig, L. 1997. Relative effects of habitat loss and fragmentation on population extinction. The

Journal of Wildlife Management 61:603-610.

181



Fahrig, L. 2003. Effects of habitat fragmentation on biodiversity. Annual Review of Ecology,
Evolution, and Systematics 34:487-515.

Fargione, J., J. Kiesecker, M. J. Slaats, and S. Olimb. 2012. Wind and wildlife in the northern
Great Plains: identifying low-impact areas for wind development. PLoS ONE 7:e41468.

Fedy, B. C., K. E. Doherty, C. L. Aldridge, M. O'Donnell, J. L. Beck, B. Bedrosian, D. Gummer,
M. J. Holloran, G. D. Johnson, N. W. Kaczor, C. P. Kirol, C. A. Mandich, D. Marshall,
G. McKee, C. Olson, A. C. Pratt, C. C. Swanson, and B. L. Walker. 2014. Habitat
prioritization across large landscapes, multiple seasons, and novel areas: an example
using greater sage-grouse in Wyoming. Wildlife Monographs 190:1-39.

Fisher, R. J., T. I. Wellicome, E. M. Bayne, R. G. Poulin, L. D. Todd, and A. T. Ford. 2015.
Extreme precipitation reduces reproductive output of an endangered raptor. Journal of
Applied Ecology 52:1500-1508.

Fortney, A. N. 2013. Environmental factors affecting the distribution and abundance of
Richardson’s ground squirrels. Faculty of Graduate Studies and Research, University of
Regina, Regina, Saskatchewan, Canada.

Franklin, A. B., D. R. Anderson, R. J. Gutiérrez, and K. P. Burnham. 2000. Climate, habitat
quality, and fitness in Northern Spotted Owl populations in northwestern California.
Ecological Monographs 70:539-590.

Fretwell, S. D. 1972. Populations in a seasonal environment. Princeton University Press,
Princeton, New Jersey, United States.

Fretwell, S. D., and J. S. Calver. 1969. On territorial behavior and other factors influencing

habitat distribution in birds. Acta Biotheoretica 19:37-44.

182



Fuhlendorf, S. D., D. E. Townsend, R. D. Elmore, and D. M. Engle. 2010. Pyric-herbivory to
promote rangeland heterogeneity: evidence from small mammal communities. Rangeland
Ecology & Management 63:670-678.

Fuller, M. R. 2010. Raptor nesting near oil and gas development: an overview of key findings
and implications for management based on four reports by Hawk Watch International.
BLM Technical Note, HawkWatch International Inc., Salt Lake City, Utah, United
States.

Garcia-Heras, M.-S., F. Mougeot, R. E. Simmons, and B. Arroyo. 2017. Regional and temporal
variation in diet and provisioning rates suggest weather limits prey availability for an
endangered raptor. Ibis 159:567-579.

Gaudet, C. A. 2013. The effects of natural gas development on density, reproductive success and
nest survival of grassland songbirds in south-western Saskatchewan. Faculty of Graduate
Studies and Research, University of Regina, Regina, Saskatchewan, Canada.

Gibson, D., E. J. Blomberg, M. T. Atamian, S. P. Espinosa, and J. S. Sedinger. 2018. Effects of
power lines on habitat use and demography of greater sage-grouse (Centrocercus
urophasianus). Wildlife Monographs 200:1-41.

Gilg, O., B. Sittler, and I. Hanski. 2009. Climate change and cyclic predator—prey population
dynamics in the high Arctic. Global Change Biology 15:2634-2652.

Gilmer, D. S., and R. E. Stewart. 1983. Ferruginous Hawk populations and habitat use in North
Dakota. The Journal of Wildlife Management 47:146-157.

Gilroy, J. J., G. Q. A. Anderson, J. A. Vickery, P. V. Grice, and W. J. Sutherland. 2011.
Identifying mismatches between habitat selection and habitat quality in a ground-nesting

farmland bird. Animal Conservation 14:620-629.

183



Giovanni, M. D., C. W. Boal, and H. A. Whitlaw. 2007. Prey use and provisioning rates of
breeding Ferruginous and Swainson's Hawks on the Southern Great Plains, USA. The
Wilson Journal of Ornithology 119:558-569.

Glenn, E. M., R. G. Anthony, E. D. Forsman, and G. S. Olson. 2011. Reproduction of northern
spotted owls: the role of local weather and regional climate. The Journal of Wildlife
Management 75:1279-1294.

Goguen, C. B. 2012. Comparison of bird and mammal communities on black-tailed prairie dog
(Cynomys ludovicianus) colonies and uncolonized shortgrass prairie in New Mexico.
Journal of Arid Environments 80:27-34.

Gossett, D. N. 1993. Studies of Ferruginous Hawk biology: I. Recoveries of banded Ferruginous
Hawks from presumed eastern and western subpopulations. II. Morphological and genetic
differences of presumed subpopulations of Ferruginous Hawks. III. Sex determination of
nestling Ferruginous Hawks. Master's Thesis. Boise State Univ, Boise, ID.

Graham, 1., S. Redpath, and S. Thirgood. 1995. The diet and breeding density of Common
Buzzards in relation to indices of prey abundance. Bird Study 42:165-173.

Granbom, M., H. G. Smith, and M. T. Murphy. 2006. Food limitation during breeding in a
heterogeneous landscape. Auk 123:97-107.

Griiebler, M. U., M. Miiller, V. T. Michel, M. Perrig, H. Keil, B. Naef-Daenzer, and F. Korner-
Nievergelt. 2018. Brood provisioning and reproductive benefits in relation to habitat
quality: a food supplementation experiment. Animal Behaviour 141:45-55.

Haddad, N. M., L. A. Brudvig, J. Clobert, K. F. Davies, A. Gonzalez, R. D. Holt, T. E. Lovejoy,
J. O. Sexton, M. P. Austin, C. D. Collins, W. M. Cook, E. I. Damschen, R. M. Ewers, B.

L. Foster, C. N. Jenkins, A. J. King, W. F. Laurance, D. J. Levey, C. R. Margules, B. A.

184



Melbourne, A. O. Nicholls, J. L. Orrock, D.-X. Song, and J. R. Townshend. 2015. Habitat
fragmentation and its lasting impact on Earth’s ecosystems. Science Advances
1:¢1500052.

Hall, L. S., P. R. Krausman, and M. L. Morrison. 1997. The habitat concept and a plea for
standard terminology. Wildlife Society Bulletin 25:173-182.

Hall, T. R., W. E. Howard, and R. E. Marsh. 1981. Raptor use of artificial perches. Wildlife
Society Bulletin 9:296-298.

Hammermeister, A., D. Gauthier, and K. McGovern. 2001. Saskatchewan's native prairie:
statistics of a vanishing ecosystem and dwindling resource. Saskatoon: Native Plant
Society of Saskatchewan. Retrieved from
https://www.npss.sk.ca/docs/2_ pdf/NPSS SKNativePrairie-TakingStock.pdf.

Heath, J. A., K. Steenhof, and M. A. Foster. 2012. Shorter migration distances associated with
higher winter temperatures suggest a mechanism for advancing nesting phenology of
American kestrels (Falco sparverius). Journal of Avian Biology 43:376-384.

Heim, N., J. T. Fisher, A. Clevenger, J. Paczkowski, and J. Volpe. 2017. Cumulative effects of
climate and landscape change drive spatial distribution of Rocky Mountain wolverine
(Gulo gulo L.). Ecology and Evolution 7:8903-8914.

Heisler, L. M., C. M. Somers, and R. G. Poulin. 2014. Rodent populations on the northern Great
Plains respond to weather variation at a landscape scale. Journal of Mammalogy 95:82-
90.

Heisler, L. M., C. M. Somers, T. I. Wellicome, and R. G. Poulin. 2013. Landscape-scale features
affecting small mammal assemblages on the northern Great Plains of North America.

Journal of Mammalogy 94:1059-1067.

185



Herkert, J. R. 1994. The effects of habitat fragmentation on midwestern grassland bird
communities. Ecological Applications 4:461-471.

Herkert, J. R., D. L. Reinking, D. A. Wiedenfeld, M. Winter, J. L. Zimmerman, W. E. Jensen, E.
J. Finck, R. R. Koford, D. H. Wolfe, S. K. Sherrod, M. A. Jenkins, J. Faaborg, and S. K.
Robinson. 2003. Effects of prairie fragmentation on the nest success of breeding birds in
the Midcontinental United States. Conservation Biology 17:587-594.

Herring, G., D. E. Gawlik, M. I. Cook, and J. M. Beerens. 2010. Sensitivity of nesting Great
Egrets (Ardea alba) and White Ibises (Eudocimus albus) to reduced prey availability.
Auk 127:660-670.

Hervieux, D., M. Hebblewhite, N. J. DeCesare, M. Russell, K. Smith, S. Robertson, and S.
Boutin. 2013. Widespread declines in woodland caribou (Rangifer tarandus caribou)
continue in Alberta. Canadian Journal of Zoology 91:872-882.

Hethcoat, M. G., and A. D. Chalfoun. 2015a. Energy development and avian nest survival in
Wyoming, USA: A test of a common disturbance index. Biological Conservation
184:327-334.

Hethcoat, M. G., and A. D. Chalfoun. 2015b. Towards a mechanistic understanding of human-
induced rapid environmental change: a case study linking energy development, nest
predation and predators. Journal of Applied Ecology 52:1492-1499.

Hinam, H. L., and C. C. St. Clair. 2008. High levels of habitat loss and fragmentation limit
reproductive success by reducing home range size and provisioning rates of northern
saw-whet owls. Biological Conservation 141:524-535.

Hodgson, E. E., and B. S. Halpern. 2018. Investigating cumulative effects across ecological

scales. Conservation Biology 33:22-32.

186



Hoekstra, J. M., T. M. Boucher, T. H. Ricketts, and C. Roberts. 2005. Confronting a biome
crisis: global disparities of habitat loss and protection. Ecology Letters 8:23-29.

Hoover, S. L., M. L. Morrison, and Kuenzi. 2005. Behavior of red-tailed hawks in a wind turbine
development. The Journal of Wildlife Management 69:150-159.

Hosmer, D. W., and S. Lemeshow. 2005. Interpretation of the fitted logistic regression model.
Pages 47-90 Applied Logistic Regression. John Wiley & Sons, Inc., Hoboken, New
Jersey, United States.

Hosmer Jr, D. W., S. Lemeshow, and R. X. Sturdivant. 2013. Applied logistic regression. John
Wiley & Sons, Hoboken, New Jersey, United States.

Howard, C., P. A. Stephens, J. W. Pearce-Higgins, R. D. Gregory, and S. G. Willis. 2015. The
drivers of avian abundance: patterns in the relative importance of climate and land use.
Global Ecology and Biogeography 24:1249-1260.

Howe, K. B., P. S. Coates, and D. J. Delehanty. 2014. Selection of anthropogenic features and
vegetation characteristics by nesting Common Ravens in the sagebrush ecosystem.
Condor 116:35-49.

Hunter, C. M., H. Caswell, M. C. Runge, E. V. Regehr, S. C. Amstrup, and I. Stirling. 2010.
Climate change threatens polar bear populations: a stochastic demographic analysis.
Ecology 91:2883-2897.

IHS Global Canada Ltd. 2013. IHS Energy Data.in I. G. C. Ltd., editor. IHS Global Canada Ltd.,
Calgary, AB.

Iknayan, K. J., and S. R. Beissinger. 2018. Collapse of a desert bird community over the past
century driven by climate change. Proceedings of the National Academy of Sciences

115:8597-8602.

187



Jarzyna, M. A., B. Zuckerberg, A. O. Finley, and W. F. Porter. 2016. Synergistic effects of
climate and land cover: grassland birds are more vulnerable to climate change. Landscape
Ecology 31:2275-2290.

Jeffress, M. R., T. J. Rodhouse, C. Ray, S. Wolff, and C. W. Epps. 2013. The idiosyncrasies of
place: geographic variation in the climate—distribution relationships of the American
pika. Ecological Applications 23:864-878.

Johnson, C. J. 2013. Identifying ecological thresholds for regulating human activity: Effective
conservation or wishful thinking? Biological Conservation 168:57-65.

Johnson, C. J., M. S. Boyce, R. L. Case, H. D. Cluff, R. J. Gau, A. Gunn, and R. Mulders. 2005.
Cumulative Effects of Human Developments on Arctic Wildlife. Wildlife Monographs
160:1-36.

Johnson, C. J., S. E. Nielsen, E. H. Merrill, T. L. McDonald, and M. S. Boyce. 2006. Resource
selection functions based on use—availability data: theoretical motivation and evaluation
methods. The Journal of Wildlife Management 70:347-357.

Johnson, D. H. 1980. The Comparison of Usage and Availability Measurements for Evaluating
Resource Preference. Ecology 61:65-71.

Johnson, M. D. 2007. Measuring habitat quality: A review. Condor 109:489-504.

Jonas, J. L., D. A. Buhl, and A. J. Symstad. 2015. Impacts of weather on long-term patterns of
plant richness and diversity vary with location and management. Ecology 96:2417-2432.

Jose, Z., D. Michael, G. Patrick, S. Ananthan, E. Lantz, J. Cotrell, F. Beck, and R. Tusing. 2015.
Enabling wind power nationwide. DOE/EE-1218; Other: 7068 United States

10.2172/1220457 Other: 7068 EE-LIBRARY English, ; U.S. Department fo Energy.

188



Kalcounis-Rueppell, M. C., J. S. Millar, and E. J. Herdman. 2002. Beating the odds: effects of
weather on a short-season population of deer mice. Canadian Journal of Zoology
80:1594-1601.

Kalyn Bogard, H. J., and S. K. Davis. 2014. Grassland songbirds exhibit variable responses to
the proximity and density of natural gas wells. The Journal of Wildlife Management
78:471-482.

Kawecki, T. J. 1995. Demography of source—sink populations and the evolution of ecological
niches. Evolutionary Ecology 9:38-44.

Keeley, W. H., and M. J. Bechard. 2011. Flushing distances of ferruginous hawks nesting in
rural and exurban New Mexico. The Journal of Wildlife Management 75:1034-1039.

Keeley, W. H., and M. J. Bechard. 2017. Nesting behavior, provisioning rates, and parental roles
of Ferruginous Hawks in New Mexico. Journal of Raptor Research 51:397-408.

Keeley, W. H., M. J. Bechard, and G. L. Garber. 2016. Prey use and productivity of ferruginous
hawks in rural and exurban New Mexico. The Journal of Wildlife Management 80:1479-
1487.

Kennedy, P. L., A. M. Bartuszevige, M. Houle, A. B. Humphrey, K. M. Dugger, and J. Williams.
2014. Stable occupancy by breeding hawks (Buteo spp.) over 25 years on a privately
managed bunchgrass prairie in northeastern Oregon, USA. Condor 116:435-445.

Keough, H. 2006. Factors influencing breeding Ferruginous Hawks (Buteo regalis) in the Uintah
Basin, Utah. Ph.D. thesis Utah State University, Logan, Utah.

Keough, H. L., and M. R. Conover. 2012. Breeding-site selection by Ferruginous Hawks within

Utah's Uintah Basin. Journal of Raptor Research 46:378-388.

189



Keough, H. L., M. R. Conover, and A. J. Roberts. 2015. Factors influencing reproductive success
of Ferruginous Hawks in the Uintah Basin, Utah. Journal of Raptor Research 49:161-173.

Kharin, V. V., and F. W. Zwiers. 2000. Changes in the extremes in an ensemble of transient
climate simulations with a coupled atmosphere—ocean GCM. Journal of Climate 13:3760-
3788.

Kharin, V. V., and F. W. Zwiers. 2005. Estimating extremes in transient climate change
simulations. Journal of Climate 18:1156-1173.

Kiesecker, J. M., J. S. Evans, J. Fargione, K. Doherty, K. R. Foresman, T. H. Kunz, D. Naugle,
N. P. Nibbelink, and N. D. Niemuth. 2011. Win-win for wind and wildlife: a vision to
facilitate sustainable development. PLoS ONE 6:e17566.

Kokko, H., and W. J. Sutherland. 2001. Ecological traps in changing environments: ecological
and evolutionary consequences of a behaviourally mediated Allee effect. Evolutionary
Ecology Research 3:603-610.

Kolar, P. S. 2013. Impacts of wind energy development on breeding buteo hawks in the
Columbia Plateau ecoregion. Boise State University, Boise , Idaho, United States.

Kolar, P. S., and M. J. Bechard. 2016. Wind energy, nest success, and post-fledging survival of
Buteo hawks. The Journal of Wildlife Management 80:1242-1255.

Koper, N., D. Walker, and J. Champagne. 2009. Nonlinear effects of distance to habitat edge on
Sprague’s pipits in southern Alberta, Canada. Landscape Ecology 24:1287-1297.

Korpimiki, E., and J. Wiehn. 1998. Clutch size of kestrels: seasonal decline and experimental
evidence for food limitation under fluctuating food conditions. Oikos 83:259-272.

Krausman, P. 2011. Quantifying Cumulative Effects. Pages 47-64 Cumulative Effects in

Wildlife Management. CRC Press, Boca Raton, Florida, United States.

190



Krauss, J., R. Bommarco, M. Guardiola, R. K. Heikkinen, A. Helm, M. Kuussaari, R. Lindborg,
E. Ockinger, M. Pirtel, J. Pino, J. Pdyry, K. M. Raatikainen, A. Sang, C. Stefanescu, T.
Teder, M. Zobel, and I. Steffan-Dewenter. 2010. Habitat fragmentation causes immediate
and time-delayed biodiversity loss at different trophic levels. Ecology Letters 13:597-
605.

Kristan, I. I. I. W. B. 2003. The role of habitat selection behavior in population dynamics:
source—sink systems and ecological traps. Oikos 103:457-468.

Kristan, W. B., and W. 1. Boarman. 2007. Effects of anthropogenic developments on Common
Raven nesting biology in the west Mojave Desert. Ecological Applications 17:1703-1713.

Lane, J. E., L. E. B. Kruuk, A. Charmantier, J. O. Murie, and F. S. Dobson. 2012. Delayed
phenology and reduced fitness associated with climate change in a wild hibernator.
Nature 489:554-557.

Lantz, S. M., D. E. Gawlik, and M. 1. Cook. 2010. The effects of water depth and submerged
aquatic vegetation on the selection of foraging habitat and foraging success of wading
birds. Condor 112:460-469.

Latham, A. D. M., M. C. Latham, M. S. Boyce, and S. Boutin. 2011a. Movement responses by
wolves to industrial linear features and their effect on woodland caribou in northeastern
Alberta. Ecological Applications 21:2854-2865.

Latham, A. D. M., M. C. Latham, N. A. McCutchen, and S. Boutin. 2011b. Invading white-tailed
deer change wolf—caribou dynamics in northeastern Alberta. The Journal of Wildlife

Management 75:204-212.

191



Laux, C. M., C. J. Nordell, R. J. Fisher, J. W. Ng, T. I. Wellicome, and E. M. Bayne. 2016.
Ferruginous Hawks Buteo regalis alter parental behaviours in response to approaching
storms. Journal of Ornithology 157:355-362.

Leary, A. W., R. Mazaika, and M. J. Bechard. 1998. Factors affecting the size of Ferruginous
Hawk home ranges. The Wilson Bulletin 110:198-205.

Lendrum, P. E., C. R. Anderson, R. A. Long, J. G. Kie, and R. T. Bowyer. 2012. Habitat
selection by mule deer during migration: effects of landscape structure and natural-gas
development. Ecosphere 3:1-19.

Leu, M., S. E. Hanser, and S. T. Knick. 2008. The human footprint in the West: a large-scale
analysis of anthropogenic impacts. Ecological Applications 18:1119-1139.

Liechti, F., J. Guélat, and S. Komenda-Zehnder. 2013. Modelling the spatial concentrations of
bird migration to assess conflicts with wind turbines. Biological Conservation 162:24-32.

Litvaitis, J. A., and J. P. Tash. 2008. An approach toward understanding wildlife-vehicle
collisions. Environmental Management 42:688-697.

Lovejoy, T. E. 2006. Climate change and biodiversity. Yale University Press, New Haven,
Connecticut, United States.

Ludlow, S. M. 2013. Breeding biology of grassland songbirds and the effects of oil and natural
gas development on their density and reproductive success. Faculty of Graduate Studies
and Research, University of Regina, Regina, Saskatchewan, Canada.

Lyons, J. E. 2005. Habitat-specific foraging of Prothonotary Warblers: Deducing habitat quality.
Condor 107:41-49.

Mahoney, A., and A. D. Chalfoun. 2016. Reproductive success of Horned Lark and McCown's

Longspur in relation to wind energy infrastructure. Condor 118:360-375.

192



Manly, B. F. J., L. L. McDonald, and D. L. Thomas. 2002. Resource selection by animals:
statistical design and analysis for field studies. Kluwer Academic Publishers, Secaucus,
NJ, USA.

Mantyka-Pringle, C. S., P. Visconti, M. Di Marco, T. G. Martin, C. Rondinini, and J. R. Rhodes.
2015. Climate change modifies risk of global biodiversity loss due to land-cover change.
Biological Conservation 187:103-111.

Marques, A. T., H. Batalha, S. Rodrigues, H. Costa, M. J. R. Pereira, C. Fonseca, M.
Mascarenhas, and J. Bernardino. 2014. Understanding bird collisions at wind farms: An
updated review on the causes and possible mitigation strategies. Biological Conservation
179:40-52.

Marrot, P., A. Charmantier, J. Blondel, and D. Garant. 2018. Current spring warming as a driver
of selection on reproductive timing in a wild passerine. Journal of Animal Ecology
87:754-764.

Marsh, A., T. I. Wellicome, and E. Bayne. 2014. Influence of vegetation on the nocturnal
foraging behaviors and vertebrate prey capture by endangered Burrowing Owls. Avian
Conservation and Ecology 9:2.

Martay, B., M. J. Brewer, D. A. Elston, J. R. Bell, R. Harrington, T. M. Brereton, K. E. Barlow,
M. S. Botham, and J. W. Pearce-Higgins. 2017. Impacts of climate change on national
biodiversity population trends. Ecography 40:1139-1151.

Mawdsley, J. R., R. O'Malley, and D. S. Ojima. 2009. A review of climate-change adaptation
strategies for wildlife management and biodiversity conservation. Conservation Biology

23:1080-1089.

193



Maxwell, S. M., E. L. Hazen, S. J. Bograd, B. S. Halpern, G. A. Breed, B. Nickel, N. M.
Teutschel, L. B. Crowder, S. Benson, P. H. Dutton, H. Bailey, M. A. Kappes, C. E. Kuhn,
M. J. Weise, B. Mate, S. A. Shaffer, J. L. Hassrick, R. W. Henry, L. Irvine, B. L.
McDonald, P. W. Robinson, B. A. Block, and D. P. Costa. 2013. Cumulative human
impacts on marine predators. Nature Communications 4:2688.

McConnell, S., T. J. O'Connell, and D. M. Leslie. 2008. Land cover associations of nesting
territories of three sympatric Buteos in shortgrass prairie. The Wilson Journal of
Ornithology 120:708-716.

McCoy, M. W., A. C. Stier, and C. W. Osenberg. 2012. Emergent effects of multiple predators
on prey survival: the importance of depletion and the functional response. Ecology
Letters 15:1449-1456.

McKenney, D. W., M. F. Hutchinson, P. Papadopol, K. Lawrence, J. Pedlar, K. Campbell, E.
Milewska, R. F. Hopkinson, D. Price, and T. Owen. 2011. Customized spatial climate
models for North America. Bulletin of the American Meteorological Society 92:1611-
1622.

Merriman, J. W., C. W. Boal, T. L. Bashore, P. J. Zwank, and D. B. Wester. 2007. Abundance of
ciurnal raptors in relation to prairie dog colonies: Implications for bird-aircraft strike
hazard. The Journal of Wildlife Management 71:811-815.

Merritt, J. F., M. Lima, and F. Bozinovic. 2001. Seasonal regulation in fluctuating small
mammal populations: feedback structure and climate. Oikos 94:505-514.

Meunier, F. D., C. Verheyden, and P. Jouventin. 2000. Use of roadsides by diurnal raptors in

agricultural landscapes. Biological Conservation 92:291-298.

194



Michener, G. R. 1977. Effect of climatic conditions on the annual activity and hibernation cycle
of Richardson's ground squirrels and Columbian ground squirrels. Canadian Journal of
Zoology 55:693-703.

Michener, G. R., and D. R. Michener. 1977. Population structure and dispersal in Richardson's
Ground Squirrels. Ecology 58:359-368.

Montevecchi, W. A., and R. A. Myers. 1997. Centurial and decadal oceanographic influences on
changes in northern gannet populations and diets in the north-west Atlantic: implications
for climate change. ICES Journal of Marine Science 54:608-614.

Morris, A. J., M. J. Whittingham, R. B. Bradbury, J. D. Wilson, A. Kyrkos, D. L. Buckingham,
and A. D. Evans. 2001. Foraging habitat selection by yellowhammers (Emberiza
citrinella) nesting in agriculturally contrasting regions in lowland England. Biological
Conservation 101:197-210.

Morris, D. W. 2005. Habitat-dependent foraging in a classic predator—prey system: a fable from
snowshoe hares. Oikos 109:239-254.

Morris, D. W., and D. L. Davidson. 2000. Optimally foraging mice match patch use with habitat
differences in fitness. Ecology 81:2061-2066.

Morrison, S. F., and D. S. Hik. 2007. Demographic analysis of a declining pika Ochotona
collaris population: linking survival to broad-scale climate patterns via spring snowmelt
patterns. Journal of Animal Ecology 76:899-907.

Moss, E. H. R., T. Hipkiss, 1. Oskarsson, A. Hager, T. Eriksson, L.E. Nilsson, S. Halling, P.O.
Nilsson, and B. Hornfeldt. 2012. Long-term study of reproductive performance in Golden
Eagles in relation to food supply in boreal Sweden. Journal of Raptor Research 46:248-

257.

195



Murgatroyd, M., G. Avery, L. G. Underhill, and A. Amar. 2016. Adaptability of a specialist
predator: the effects of land use on diet diversification and breeding performance of
Verreaux's eagles. Journal of Avian Biology 47:834-845.

Murphy, M. T. 2003. Avian population trends within the evolving agricultural landscape of
Eastern and Central United States. Auk 120:20-34.

Murray, L. D., L. B. Best, T. J. Jacobsen, and M. L. Braster. 2003. Potential effects on grassland
birds of converting marginal cropland to switchgrass biomass production. Biomass and
Bioenergy 25:167-175.

Naugle, D. E., K. E. Doherty, B. L. Walker, H. E. Copeland, M. J. Holloran, and J. D. Tack.
2011. Sage-Grouse and cumulative impacts of energy development and wildlife
conservation in Western North America. Pages 55-70 in D. E. Naugle, editor. Energy
Development and Wildlife Conservation in Western North America. Island Press/Center
for Resource Economics.

Neuhaus, P., R. Bennett, and A. Hubbs. 1999. Effects of a late snowstorm and rain on survival
and reproductive success in Columbian ground squirrels (Spermophilus columbianus).
Canadian Journal of Zoology 77:879-884.

Newton, 1. 1998. Population limitation in birds. Academic press, Cambridge, Massachusetts,
United States.

Ng, J., M. Giovanni, M. J. Bechard, J. K. Schmutz, and P. Pyle. 2017. Ferruginous Hawk (Buteo
regalis) version 2.0, The Birds of North America Online (A. Poole, Ed.). Ithaca: Cornell
Lab of Ornithology; Retrieved from the Birds of North America Online:

http://bna.birds.cornell.edu.login.ezproxy.library.ualberta.ca/bna/species/172.

196



Nielsen, S., J. Cranston, and G. Stenhouse. 2009. Identification of priority areas for grizzly bear
conservation and recovery in Alberta, Canada. Journal of Conservation Planning 5:38-60.

Nielsen, S. E., G. B. Stenhouse, and M. S. Boyce. 2006. A habitat-based framework for grizzly
bear conservation in Alberta. Biological Conservation 130:217-229.

Nordell, C. J. 2016. Ferruginous Hawk (Buteo regalis) responses to human disturbance during
the breeding season. University of Alberta, Edmonton, Alberta, Canada.

Nordell, C. J., T. I. Wellicome, and E. M. Bayne. 2017. Flight initiation by Ferruginous Hawks
depends on disturbance type, experience, and the anthropogenic landscape. PLoS ONE
12:e0177584.

Northrup, J. M., and G. Wittemyer. 2012. Characterising the impacts of emerging energy
development on wildlife, with an eye towards mitigation. Ecology Letters 16:112 - 125.

Nygérd, T., K. Bevanger, E. L. Dahl, @. Flagstad, A. Follestad, P. L. Hoel, R. May, and O.
Reitan. 2010. A study of White-tailed Eagle Haliaeetus albicilla movements and
mortality at a wind farm in Norway. BOU Proceedings-Climate Change and Birds.
British Ornithologists’ Union. http://www. bou. org. uk/bouproc-net/ccb/nygard-etal.pdf.

Olendorff, R. R. 1974. Some quantitative aspects of growth in three species of buteos. Condor
76:466-468.

Oliver, T. H., and M. D. Morecroft. 2014. Interactions between climate change and land use
change on biodiversity: attribution problems, risks, and opportunities. Wiley
Interdisciplinary Reviews: Climate Change 5:317-335.

Olson, L. E., J. R. Squires, R. J. Oakleaf, Z. P. Wallace, and P. L. Kennedy. 2017. Predicting
above-ground density and distribution of small mammal prey species at large spatial

scales. PLoS ONE 12:¢0177165.

197



Ontiveros, D., and J. M. Pleguezuelos. 2000. Influence of prey densities in the distribution and
breeding success of Bonelli's eagle (Hieraaetus fasciatus): management implications.
Biological Conservation 93:19-25.

Ontiveros, D., J. M. Pleguezuelos, and J. Caro. 2005. Prey density, prey detectability and food
habits: the case of Bonelli’s eagle and the conservation measures. Biological
Conservation 123:19-25.

Pachauri, R. K., M. R. Allen, V. R. Barros, J. Broome, W. Cramer, R. Christ, J. A. Church, L.
Clarke, Q. Dahe, and P. Dasgupta. 2014. Climate change 2014: synthesis report.
Contribution of Working Groups I, II and III to the fifth assessment report of the
Intergovernmental Panel on Climate Change. IPCC.

Pagel, J. E., K. J. Kritz, B. A. Millsap, R. K. Murphy, E. L. Kershner, and S. Covington. 2013.
Bald eagle and golden eagle mortalities at wind energy facilities in the contiguous United
States. Journal of Raptor Research 47:311-315.

Paton, R. S., and J. Matthiopoulos. 2016. Defining the scale of habitat availability for models of
habitat selection. Ecology 97:1113-1122.

Pearce-Higgins, J. W., L. Stephen, A. Douse, and R. H. W. Langston. 2012. Greater impacts of
wind farms on bird populations during construction than subsequent operation: results of
a multi-site and multi-species analysis. Journal of Applied Ecology 49:386-394.

Pereira, H. M., P. W. Leadley, V. Proenga, R. Alkemade, J. P. W. Scharlemann, J. F. Fernandez-
Manjarrés, M. B. Aratjo, P. Balvanera, R. Biggs, W. W. L. Cheung, L. Chini, H. D.
Cooper, E. L. Gilman, S. Guénette, G. C. Hurtt, H. P. Huntington, G. M. Mace, T.
Oberdorff, C. Revenga, P. Rodrigues, R. J. Scholes, U. R. Sumaila, and M. Walpole.

2010. Scenarios for global biodiversity in the 21st century. Science 330:1496-1501.

198



Péron, G., C. H. Fleming, O. Duriez, J. Fluhr, C. Itty, S. Lambertucci, K. Safi, E. L. C. Shepard,
and J. M. Calabrese. 2017. The energy landscape predicts flight height and wind turbine
collision hazard in three species of large soaring raptor. Journal of Applied Ecology
54:1895-1906.

Perrig, M., M. U. Griiebler, H. Keil, and B. Naef-Daenzer. 2014. Experimental food
supplementation affects the physical development, behaviour and survival of Little Owl
Athene noctua nestlings. Ibis 156:755-767.

Peterjohn, B., and J. R. Sauer. 1999a. Population status of North American grassland birds from
the North American breeding bird survey. Pages 27-44 in P. D. Vickery and J. R.
Herkert, editors. Ecology and conservation of grassland birds of the western hemisphere.
USGS, Patuxent Wildlife Research Center, Laurel, Maryland, United States.

Peterjohn, B. G., and J. R. Sauer. 1999b. Population status of North American grassland birds
from the North American Breeding Bird Survey, 1966-1996. Studies in Avian Biology
19:27-44.

Plumpton, D. L., and D. E. Andersen. 1998. Anthropogenic effects on winter behavior of
Ferruginous Hawks. The Journal of Wildlife Management 62:340-346.

Proulx, G., K. MacKenzie, and N. MacKenzie. 2012. Distribution and relative abundance of
Richardson’s Ground Squirrels, Urocitellus richardsonii, according to soil zones and
vegetation height in Saskatchewan during a drought period. The Canadian Field-
Naturalist 126:103-110.

Pulliam, H. R. 1988. Sources, sinks, and population regulation. The American Naturalist

132:652-661.

199



Pyke, G. H. 1984. Optimal foraging theory: A critical review. Annual Review of Ecology and
Systematics 15:523-575.

Ray, J. D., M. C. Wallace, and R. E. McCaffrey. 2015. Avian use of Black-Tailed Prairie Dog
colonies in shortgrass prairie. Great Plains Research 25:75-82.

Rebollo, S., G. Garcia-Salgado, L. Pérez-Camacho, S. Martinez-Hesterkamp, A. Navarro, and J.-
M. Fernandez-Pereira. 2017. Prey preferences and recent changes in diet of a breeding
population of the Northern Goshawk Accipiter gentilis in Southwestern Europe. Bird
Study:1-12.

Redman, M. 2016. The 2015 Ferruginous Hawk (Buteo regalis) inventory and population
analysis. Technical report, Alberta Environment and Parks, Lethbridge, Alberta, Canada.

Robertson, B. A., and R. L. Hutto. 2006. A framework for understanding ecological traps and an
evaluation of existing evidence. Ecology 87:1075-1085.

Robinson, B. G., A. Franke, and A. E. Derocher. 2014. The influence of weather and lemmings
on spatiotemporal variation in the abundance of multiple avian fuilds in the Arctic. PLoS
ONE 9:e101495.

Robinson, B. G., A. Franke, and A. E. Derocher. 2017. Weather-mediated decline in prey
delivery rates causes food-limitation in a top avian predator. Journal of Avian Biology
48:748-758.

Rodenhouse, N. L., S. N. Matthews, K. P. McFarland, J. D. Lambert, L. R. Iverson, A. Prasad, T.
S. Sillett, and R. T. Holmes. 2008. Potential effects of climate change on birds of the

Northeast. Mitigation and Adaptation Strategies for Global Change 13:517-540.

200



Rodgers, J. A. 2013. Effects of shallow gas development on relative abundances of grassland
songbirds in a mixed-grass prairie. University of Manitoba, Winnipeg, Manitoba,
Canada.

Rodriguez, C., L. Tapia, E. Ribeiro, and J. Bustamante. 2013. Crop vegetation structure is more
important than crop type in determining where Lesser Kestrels forage. Bird Conservation
International 24:438-452.

Ross, B. E., D. Haukos, C. Hagen, and J. Pitman. 2016. The relative contribution of climate to
changes in lesser prairie-chicken abundance. Ecosphere 7:¢01323.

Roth, S. D., Jr, and J. M. Marzluff. 1989. Nest placement and productivity of Ferruginous Hawks
in western Kansas. Transactions Kansas Academy Science 92:132-148.

Rudd, M. A., K. F. Beazley, S. J. Cooke, E. Fleishman, D. E. Lane, M. B. Mascia, R. Roth, G.
Tabor, J. A. Bakker, T. Bellefontaine, D. Berteaux, B. Cantin, K. G. Chaulk, K.
Cunningham, R. O. D. Dobell, E. Fast, N. Ferrara, C. S. Findlay, L. K. Hallstrom, T.
Hammond, L. Hermanutz, J. A. Hutchings, K. E. Lindsay, T. J. Marta, V. M. Nguyen, G.
Northey, K. Prior, S. Ramirez-Sanchez, J. Rice, D. J. H. Sleep, N. D. Szabo, G. Trottier,
J.-P. Toussaint, and J.-P. Veilleux. 2011. Generation of priority research questions to
inform conservation policy and management at a national level. Conservation Biology
25:476-484.

Samson, F., and F. Knopf. 1994. Prairie Conservation in North America. BioScience 44:418-421.

Santangeli, A., H. Hakkarainen, T. Laaksonen, and E. Korpiméki. 2012. Home range size is
determined by habitat composition but feeding rate by food availability in male

Tengmalm’s owls. Animal Behaviour 83:1115-1123.

201



Santoro, S., C. Sanchez-Suarez, C. Rouco, L. J. Palomo, M. C. Fernandez, M. B. Kufner, and S.
Moreno. 2017. Long-term data from a small mammal community reveal loss of diversity
and potential effects of local climate change. Current Zoology 63:515-523.

SAR Public Registry. 2010. Order Amending Schedule 1 to the Species At Risk Act, P.C.2010-
200, 23 February, 2010, SOR/2010-32, Canada Gazette, Part II, vol.144, no. 6, p. 240,
March 17, 2010. http://www.sararegistry.gc.ca/virtual sara/files/orders/g2-
14406 b e.pdf.

Saskatchewan Ministry of Environment. 2016. Wildlife Siting Guidelines for Saskatchewan
Wind Energy Projects. Report No. 2016-FWB 01. Regina, Saskatchewan, Canada.

Sauer, J. R., J. E. Hines, J. E. Fallon, K. L. Pardieck, D. J. Ziolkowski, and W. A. Link. 2014.
The North American Breeding Bird Survey, results and analysis 1966 - 2013. Version
01.30.2015 USGS Patuxent Wildlife Research Center, Laurel, MD.

Sawyer, H., M. J. Kauffman, and R. M. Nielson. 2009. Influence of well pad activity on winter
habitat selection patterns of mule deer. The Journal of Wildlife Management 73:1052-
1061.

Schaefer, J. A., and F. Messier. 1995. Habitat selection as a hierarchy: the spatial scales of winter
foraging by muskoxen. Ecography 18:333-344.

Schmutz, J. K. 1984. Ferruginous Hawk and Swainson's Hawk abundance and distribution in
relation to land use in southeastern Alberta. The Journal of Wildlife Management
48:1180-1187.

Schmutz, J. K. 1987a. The effect of agriculture on Ferruginous and Swainson's Hawks. Journal

of Range Management 40:438-440.

202



Schmutz, J. K. 1987b. Factors limiting the size of the breeding population of Ferruginous
Hawks. Pages 189-191 in G. L. Holroyd, W. B. MacGillivray, P. H. R. Stepney, D. M.
Ealy, G. C. Trottier, and K. E. Eberhart, editors. Proceedings of the workshop on
endangered species in the prairie provinces. Provincial Museum of Alberta Natural
History Occasional Papers. no. 9.

Schmutz, J. K. 1989. Hawk occupancy of disturbed grasslands in relation to models of habitat
selection. Condor 91:362-371.

Schmutz, J. K., D. T. T. Flockhart, C. S. Houston, and P. D. McLoughlin. 2008. Demography of
Ferruginous Hawks breeding in western Canada. The Journal of Wildlife Management
72:1352-1360.

Schmutz, J. K., and D. J. Hungle. 1989a. Population of Ferruginous and Swainson's hawks
increase in synchrony with ground squirrels. Canadian Journal of Zoolology 67:2596-
2601.

Schmutz, J. K., and D. J. Hungle. 1989b. Populations of Ferruginous and Swainson's Hawks
increase in synchrony with ground squirrels. Canadian Journal of Zoology 67:2596-2601.

Schmutz, J. K., S. M. Schmutz, and D. A. Boag. 1980a. Coexistence of three species of hawks
(Buteo spp.) in the prairie—parkland ecotone. Canadian Journal of Zoology 58:1075-1089.

Schmutz, J. K., S. M. Schmutz, and B. D. A. 1980b. Coexistence of three species of hawks
(~Buteo spp.) in the prairie-parkland ecotone. Canadian Journal of Zoolology 58:1075-
1089.

Segan, D. B., K. A. Murray, and J. E. M. Watson. 2016. A global assessment of current and
future biodiversity vulnerability to habitat loss—climate change interactions. Global

Ecology and Conservation 5:12-21.

203



Sergio, F. 2003. From individual behaviour to population pattern: weather-dependent foraging
and breeding performance in black kites. Animal Behaviour 66:1109-1117.

Sergio, F., L. Marchesi, P. Pedrini, M. Ferrer, and V. Penteriani. 2004. Electrocution alters the
distribution and density of a top predator, the eagle owl Bubo bubo. Journal of Applied
Ecology 41:836-845.

Sergio, F., P. Pedrini, and L. Marchesi. 2003. Adaptive selection of foraging and nesting habitat
by black kites (Milvus migrans) and its implications for conservation: a multi-scale
approach. Biological Conservation 112:351-362.

Sergio, F., G. Tavecchia, J. Blas, L. Lopez, A. Tanferna, and F. Hiraldo. 2011. Variation in age-
structured vital rates of a long-lived raptor: Implications for population growth. Basic and
Applied Ecology 12:107-115.

Shackelford, N., R. J. Standish, W. Ripple, and B. M. Starzomski. 2017. Threats to biodiversity
from cumulative human impacts in one of North America's last wildlife frontiers.
Conservation Biology 32:672-684.

Shaffer, T. L., and A. E. Burger. 2004. A unified approach to analyzing nest success. Auk
121:526-540.

Shank, C. C., and E. M. Bayne. 2015. Ferruginous Hawk climate change adaptation plan for
Alberta. Alberta Biodiversity Monitoring Institute, Edmonton, Alberta, Canada.

Shaw, J. M., T. A. Reid, M. Schutgens, A. R. Jenkins, and P. G. Ryan. 2018. High power line
collision mortality of threatened bustards at a regional scale in the Karoo, South Africa.
Ibis 160:431-446.

Sih, A., M. C. O. Ferrari, and D. J. Harris. 2011. Evolution and behavioural responses to human-

induced rapid environmental change. Evolutionary Applications 4:367-387.

204



Skagen, S. K., and A. A. Y. Adams. 2012. Weather effects on avian breeding performance and
implications of climate change. Ecological Applications 22:1131-1145.

Smallwood, K. S., L. Rugge, and M. L. Morrison. 2009. Influence of behavior on bird mortality
in wind energy developments. The Journal of Wildlife Management 73:1082-1098.

Smith, D. G., J. R. Murphy, and N. D. Woffinden. 1981. Relationships between jackrabbit
abundance and Ferruginous Hawk reproduction. Condor 83:52-56.

Smith, J. A., and J. F. Dwyer. 2016. Avian interactions with renewable energy infrastructure: An
update. Condor 118:411-423.

Smith, J. P., S. J. Slater, and M. C. Neal. 2010. An assessment of the effects of oil and gas field
activities on nesting raptors in the Rawlins, Wyoming and Price, Utah Field Offices of
the Bureau of Land Management. US Department of the Interior, Bureau of Land
Management.

Smith, K. G., E. J. Ficht, D. Hobson, T. C. Sorensen, and D. Hervieux. 2000. Winter distribution
of woodland caribou in relation to clear-cut logging in west-central Alberta. Canadian
Journal of Zoology 78:1433-1440.

Smith, S. H., K. Steenhof, C. J. W. McClure, and J. A. Heath. 2017. Earlier nesting by generalist
predatory bird is associated with human responses to climate change. Journal of Animal
Ecology 86:98-107.

Soil Landscapes of Canada Working Group. 2010. Soil Landscapes of Canada version 3.2.
Agriculture and Agri-Food Canada. (digital map and database at 1:1 million scale).

Song, X.-P., M. C. Hansen, S. V. Stehman, P. V. Potapov, A. Tyukavina, E. F. Vermote, and J.

R. Townshend. 2018. Global land change from 1982 to 2016. Nature 560:639-643.

205



Sorensen, T., P. D. McLoughlin, D. Hervieux, D. Elston, J. Nolan, B. Wynes, and S. Boutin.
2008. Determining sustainable levels of cumulative effects for Boreal Caribou. The
Journal of Wildlife Management 72:900-905.

StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP.

Staudinger, M. D., S. L. Carter, M. S. Cross, N. S. Dubois, J. E. Duffy, C. Enquist, R. Griffis, J.
J. Hellmann, J. J. Lawler, J. O'Leary, S. A. Morrison, L. Sneddon, B. A. Stein, L. M.
Thompson, and W. Turner. 2013. Biodiversity in a changing climate: a synthesis of
current and projected trends in the US. Frontiers in Ecology and the Environment 11:465-
473.

Steenhof, K., M. N. Kochert, and T. L. McDonald. 1997. Interactive effects of prey and weather
on Golden Eagle reproduction. Journal of Animal Ecology 66:350-362.

Steenhof, K., M. N. Kochert, and J. A. Roppe. 1993. Nesting by raptors and common ravens on
electrical transmission line towers. The Journal of Wildlife Management 57:271-281.

Stenseth, N. C., A. Mysterud, G. Ottersen, J. W. Hurrell, K.-S. Chan, and M. Lima. 2002.
Ecological effects of climate fluctuations. Science 297:1292.

Stevens, A. F. J., E. M. Bayne, and T. I. Wellicome. 2011. Soil and climate are better than biotic
land cover for predicting home range habitat selection by endangered burrowing owls
across the Canadian Prairies. Biological Conservation 144:1526-1536.

Sultaire, S. M., J. N. Pauli, K. J. Martin, M. W. Meyer, M. Notaro, and B. Zuckerberg. 2016.
Climate change surpasses land-use change in the contracting range boundary of a winter-
adapted mammal. Proceedings of the Royal Society B: Biological Sciences

283:20153104.

206



Sunde, P., K. Thorup, L. B. Jacobsen, and C. Rahbek. 2014. Weather conditions drive dynamic
habitat selection in a generalist predator. PLoS ONE 9:e88221.

Sutherland, W. J., S. Armstrong-Brown, P. R. Armsworth, B. Tom, J. Brickland, C. D.
Campbell, D. E. Chamberlain, A. I. Cooke, N. K. Dulvy, N. R. Dusic, M. Fitton, R. P.
Freckleton, H. C. J. Godfray, N. Grout, H. J. Harvey, C. Hedley, J. J. Hopkins, N. B. Kift,
J. Kirby, W. E. Kunin, D. W. MacDonald, B. Marker, M. Naura, A. R. Neale, T. Oliver,
D. Osborn, A. S. PUllin, M. E. A. Shardlow, D. A. Showler, P. L. Smith, R. J. Smithers,
J.-L. Solandt, J. Spencer, C. J. SPray, C. D. Thomas, J. Thompson, S. E. Webb, D. W.
Yalden, and A. R. Watkinson. 2006. The identification of 100 ecological questions of
high policy relevance in the UK. Journal of Applied Ecology 43:617-627.

Swift, T. L., and S. J. Hannon. 2010. Critical thresholds associated with habitat loss: a review of
the concepts, evidence, and applications. Biological Reviews 85:35-53.

Tack, J. D., and B. C. Fedy. 2015. Landscapes for energy and wildlife: conservation
prioritization for golden eagles across large spatial scales. PLoS ONE 10:e0134781.

Telleria, J. L. 2009. Overlap between wind power plants and Griffon Vultures Gyps fulvus in
Spain. Bird Study 56:268-271.

Terraube, J., B. Arroyo, M. Madders, and F. Mougeot. 2011. Diet specialisation and foraging
efficiency under fluctuating vole abundance: a comparison between generalist and
specialist avian predators. Oikos 120:234-244.

Thaxter, C. B., G. M. Buchanan, J. Carr, S. H. M. Butchart, T. Newbold, R. E. Green, J. A.
Tobias, W. B. Foden, S. Brien, and J. W. Pearce-Higgins. 2017. Bird and bat species'
global vulnerability to collision mortality at wind farms revealed through a trait-based

assessment. Proceedings of the Royal Society B: Biological Sciences 284:20170829.

207



The Alberta Biodiversity Monitoring Institute. 2015. The status of biodiversity in the Prairie and
Parkland Regions of Alberta: Preliminary assessment. Alberta Biodiversity Monitoring
Institute, Alberta, Canada. Report available at www.abmi.ca.

Theobald, D. M., J. R. Miller, and N. T. Hobbs. 1997. Estimating the cumulative effects of
development on wildlife habitat. Landscape and Urban Planning 39:25-36.

Tomotani, B. M., H. van der Jeugd, P. Gienapp, I. de la Hera, J. Pilzecker, C. Teichmann, and M.
E. Visser. 2018. Climate change leads to differential shifts in the timing of annual cycle
stages in a migratory bird. Global Change Biology 24:823-835.

Traill, L. W., M. L. M. Lim, N. S. Sodhi, and C. J. A. Bradshaw. 2010. Mechanisms driving
change: altered species interactions and ecosystem function through global warming.
Journal of Animal Ecology 79:937-947.

Turbill, C., and S. Prior. 2016. Thermal climate-linked variation in annual survival rate of
hibernating rodents: shorter winter dormancy and lower survival in warmer climates.
Functional Ecology 30:1366-1372.

Tyler, J. D. 2015. Vertebrate associates of black-tailed prairie dogs in Oklahoma. Proceedings of
the Oklahoma Academy of Science 82:41-47.

US Energy Information Administration. 2018. Annual Energy Outlook with projects to 2050.

Van Horne, B. 1983. Density as a misleading indicator of habitat quality. The Journal of Wildlife
Management 47:893-901.

Vasilakis, D. P., D. P. Whitfield, S. Schindler, K. S. Poirazidis, and V. Kati. 2016. Reconciling
endangered species conservation with wind farm development: Cinereous vultures

(Aegypius monachus) in south-eastern Europe. Biological Conservation 196:10-17.

208



Venter, O., N. N. Brodeur, L. Nemiroff, B. Belland, 1. J. Dolinsek, and J. W. A. Grant. 2006.
Threats to endangered species in Canada. BioScience 56:903-910.

Vickery, P. D., and J. R. Herkert. 1999. Ecology and conservation of grassland birds of the
western hemisphere. Cooper Ornithological Society, Riverside, California, United States.

Wakeley, J. S. 1978. Factors affecting the use of hunting stes by ferruginous hawks. Condor
80:316-326.

Wakeley, J. S. 1979. Use of hunting methods by Ferruginous Hawks in relation to vegetation
density. Journal of Raptor Research 13:116-119.

Walk, J. W., E. L. Kershner, T. J. Benson, and R. E. Warner. 2010. Nesting success of grassland
birds in small patches in an agricultural landscape. Auk 127:328-334.

Wallace, Z. P. 2014. Effects of oil and natural gas development on territory occupancy of
ferruginous hawks and golden eagles in Wyoming, USA. Oregon State University,
Corvallis, Oregon, United States.

Wallace, Z. P., P. L. Kennedy, J. R. Squires, R. J. Oakleaf, L. E. Olson, and K. M. Dugger.
2016a. Re-occupancy of breeding territories by ferruginous hawks in Wyoming:
relationships to environmental and anthropogenic factors. PLoS ONE 11:e0152977.

Wallace, Z. P., P. L. Kennedy, J. R. Squires, L. E. Olson, and R. J. Oakleaf. 2016b. Human-made
structures, vegetation, and weather influence ferruginous hawk breeding performance.
The Journal of Wildlife Management 80:78-90.

Walther, G.-R., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. C. Beebee, J.-M. Fromentin,
O. Hoegh-Guldberg, and F. Bairlein. 2002. Ecological responses to recent climate

change. Nature 416:389-395.

209



Wang, T., A. Hamann, D. Spittlehouse, and C. Carroll. 2016. Locally downscaled and spatially
customizable climate data for historical and future periods for North America. PLoS
ONE 11:e0156720.

Wang, T., A. Hamann, D. L. Spittlehouse, and T. Q. Murdock. 2011. Climate WNA—high-
resolution spatial climate data for western North America. Journal of Applied
Meteorology and Climatology 51:16-29.

Ward, J. M., and M. R. Conover. 2013. Survival of juvenile Ferruginous Hawks in Utah. Journal
of Raptor Research 47:31-40.

Watson, J. W., U. Banasch, T. Byer, D. N. Svingen, R. McCready, M. A. Cruz, D. Hanni, A.
Laf6n, and R. Gerhardt. 2018a. Migration patterns, timing, and seasonal destinations of
adult Ferruginous Hawks (Buteo regalis). Journal of Raptor Research 52:267-281.

Watson, J. W., I. N. Keren, and R. W. Davies. 2018b. Behavioral accommodation of nesting
hawks to wind turbines. The Journal of Wildlife Management 82:1784-1793.

Watson, R. T., P. S. Kolar, M. Ferrer, T. Nygérd, N. Johnston, W. G. Hunt, H. A. Smit-
Robinson, C. J. Farmer, M. Huso, and T. E. Katzner. 2018c. Raptor interactions with
wind energy: case studies from around the world. Journal of Raptor Research 52:1-18.

Wellicome, T. L., L. Danielle Todd, R. G. Poulin, G. L. Holroyd, and R. J. Fisher. 2013.
Comparing food limitation among three stages of nesting: supplementation experiments
with the burrowing owl. Ecology and Evolution 3:2684-2695.

White, C. M., and T. L. Thurow. 1985. Reproduction of Ferruginous Hawks exposed to

controlled disturbance. Condor 87:14-22.

210



Whitfield, D. P., R. Reid, P. F. Haworth, M. Madders, M. Marquiss, R. Tingay, and A. H.
Fielding. 2009. Diet specificity is not associated with increased reproductive performance
of Golden Eagles Aquila chrysaetos in Western Scotland. Ibis 151:255-264.

Wiens, J. D., B. R. Noon, and R. T. Reynolds. 2006. Post-fledging survival Of Northern
Goshawks: the importance of prey abundance, weather, and dispersal. Ecological
Applications 16:406-418.

Wiens, J. D., N. H. Schumaker, R. D. Inman, T. C. Esque, K. M. Longshore, and K. E. Nussear.
2017. Spatial demographic models to inform conservation planning of Golden Eagles in
renewable energy landscapes. Journal of Raptor Research 51:234-257.

Wiggins, D. A., J. A. Grzybowski, and G. D. Schnell. 2017. Ferruginous hawk demography in
areas differing in energy extraction activity. The Journal of Wildlife Management
81:337-341.

Wiggins, D. A., G. D. Schnell, and D. J. Augustine. 2014. Distribution and nesting success of
ferruginous hawks and Swainson's hawks on an agricultural landscape in the Great
Plains. The Southwestern Naturalist 59:356-363.

Wiser, R., K. Jenni, J. Seel, E. Baker, M. Hand, E. Lantz, and A. Smith. 2016. Expert elicitation
survey on future wind energy costs. Nature Energy 1:16135.

Wiser, R. H., and M. Bolinger. 2017. 2016 Wind Technologies Market Report. Lawrence
Berkeley National Lab. (LBNL), Berkeley, California, United States.

Woffinden, N. D., and J. R. Murphy. 1977. Population dynamics of the Ferruginous Hawk
during a prey decline. Great Basin Naturalist 37:411-425.

World Wildlife Fund. 2017. Plowprint Report 2017. World Wildlife Fund, Bozeman, Montana,

United States.

211



Yosef, R., and T. C. Grubb. 1993. Effect of vegetation height on hunting behavior and diet of
Loggerhead Shrikes. Condor 95:127-131.

Zarybnicka, M., O. Sedlacek, P. Salo, K. gt’astn}'/, and E. Korpimiki. 2015. Reproductive
responses of temperate and boreal Tengmalm's Owl Aegolius funereus populations to
spatial and temporal variation in prey availability. Ibis 157:369-383.

Zelenak, J. R., and J. J. Rotella. 1997. Nest success and productivity of ferruginous hawks in
northern Montana. Canadian Journal of Zoology 75:1035-1041.

Zimmerling, J. R., A. C. Pomeroy, M. V. d'Entremont, and C. M. Francis. 2013. Canadian
estimate of bird mortality due to collisions and direct habitat loss associated with wind
turbine developments estimation. Avian Conservation and Ecology 8:10.

Zuur, A. F., E. N. Ieno, and C. S. Elphick. 2010. A protocol for data exploration to avoid
common statistical problems. Methods in Ecology and Evolution 1:3-14.

Zwart, M. C., A. J. McKenzie, J. Minderman, and M. J. Whittingham. 2016. Conflicts between
birds and on-shore wind farms. Pages 489-504 in M. F. Angelici, editor. Problematic
Wildlife: A Cross-Disciplinary Approach. Springer International Publishing, Cham,

Switzerland.

212



Appendix A: Chapter: Predicting home range habitat selection by Ferruginous Hawks to identify

potential wind energy conflict risk in Canada

TABLE 13. ALL ENVIRONMENTAL AND ANTHROPOGENIC VARIABLES INCLUDED IN THE GLOBAL

HABITAT MODEL FOR FERRUGINOUS HAWKS IN ALBERTA AND SASKATCHEWAN, CANADA,

2005 -2010.
Variable Name Description and units Data Source
Geography
dem elevation (m) Climate WNA
dem sd standard deviation of elevation (m)
long longitude
lat latitude
Land cover Agriculture and
grassdist distance to nearest grassland (km) Agri-Food
grass2500 proportion of grassland within 2500m of the nest Canada
edge2500 total length of edge where grass and crop interface
(km)
Human Development
disttx distance to nearest power transmission line (km) IHS Energy
tx2500 total length of transmission line (km)
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Soil

roaddist
road2500
pipedist
pipe2500
facdist
fac2500

fnoisedist

fhoise2500

welldist
well2500
oildist
0112500
gasdist

2as2500

eoli
lacu
fluv

till

coll

distance to nearest road (km)

total length of road (km)

distance to nearest pipeline (km)

total length of pipeline (km)

distance to nearest oil or gas facility (km)
total number of oil or gas facilities

distance to nearest sound-producing oil or gas
facility (km)

total number of sound-producing oil or gas
facilities

distance to nearest surface oil or gas well (km)
total number of surface oil or gas well
distance to nearest oil well (km)

total number of oil wells

distance to nearest gas well (km)

total number of gas wells

proportion of eolian parent material Soil Landscapes
proportion of lacustrine parent material of Canad v3.2
proportion of fluvial parent material Agriculture and
Agri-Food
proportion of till parent material Canada.

proportion of colluvial parent material
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fleo
fllc
latl
resd
glfl
gllc

rkud

undm

br
lu
ve

ch

rg
Sz

s _tx
clay
silt
sand
carb

visan

proportion of fluvioeolian parent material
proportion of fluviolacustrine parent material
proportion of lacustro-till parent material
proportion of residual parent material
proportion of glaciofluvial parent material
proportion of glaciolacustrine parent material
proportion of undifferentiated bedrock parent
material

proportion of undifferentiated organic parent
material

proportion of brunisolic order soils
proportion of luvisolic order soils

proportion of vertisolic order soils
proportion of chernozemic order soils
proportion of gleysolic order soils

proportion of regosolic order soils
proportion of solonetzic order soils
categorical soil texture, from 1 (fine) to 7 (coarse)
proportion of clay

proportion of silt

proportion of sand

proportion of carbon

proportion of very fine sand
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Climate

tmin_spr minimum temperature in spring (°C) Climate WNA

tmin_summ (years = 1960-
minimum temperature in summer (°C) 2000)

tmax_spr maximum temperature in spring (°C)

tmax_summ maximum temperature in summer (°C)

tav_spr average temperature in spring (°C)

tav_summ average temperature in summer (°C)

precipspr average precipitation in spring (mm)

precipsumm average precipitation in summer (mm)
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TABLE 14. PROPORTION OF TOTAL RANGE AND TOTAL AREA (KM2) OF LAND CATEGORIZED AS

LEVEL OF RISK OF FERRUGINOUS HAWK —WIND CONFLICT AND LAND WITH HIGH

CONSERVATION VALUE IN ALBERTA AND SASKATCHEWAN, CANADA, 2005 —2010.

Turbine Hub Height
50 m 80m

Risk % km? % km?
low 39 138,648 33 115,304
medium 32 116,239 14 50,647
high 27 95,738 45 155,066
very high 2 6,708 8 27,050
high conservation

value 36 129,082 29 100,316
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Appendix B. Supplementary materials for Chapter 3: Managing cumulative effects for

species at risk using a habitat-based framework

Objective

Develop base models for relative nest abundance and reproductive performance that evaluate the
influence of geography, climate, soil characteristics, and intrinsic variables that influence habitat

use and reproduction.

Methods

Relative nest abundance

Data collection

Sampling Method

We conducted surveys by vehicle, driving between 30 and 50 km/hr. A minimum of 20
km to a maximum of 30 km was surveyed in each block. We recorded the total distance
surveyed and the time spent surveying. Surveys were conducted in fair to good weather
conditions where visibility, and therefore detection, of Ferruginous Hawks and nests were not
affected. For example, surveys could be conducted during low to high winds, but ceased during
rain or snow when visibility was compromised. Nest location, status (i.e., active or empty), date,

nest structure type (i.e., tree, artificial nest platform, cliff, ground, or other), and evidence of
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status were recorded for each Ferruginous Hawk nest. The number of Ferruginous Hawk nests
was totaled for each survey. Surveys were conducted in the spring before leaves obscured tree

nests.

Ideally, we would have used distance sampling to account for variation in our detection
radius. However, we chose not to model these data as a distance function because of the biased
spatial distribution of trees. Trees are more likely to be found near roads and farmyards, which
are also near roads. The underlying assumption of distance sampling is that nests are randomly
distributed relative to the transect line. As such a distance function based on roadside surveys

would have artificially inflated nest abundance estimates.

Predictor variables

Grassland and cropland land cover are highly negatively correlated in the prairies and
both could not be included in land cover models to avoid collinearity. We chose to analyse

grasslands because it is commonly managed for by wildlife and habitat conservation agencies.

The total edge density variable was developed using features associated with different
cover types, such as grassland, cropland, riparian vegetation, or tame grass associated with ditch
sides, are adjacent. The change in cover type is also often associated with a change in vegetation
type, height, and/or structure. These edges, while created by different features, may provide a

similar function to foraging hawks or prey such as small mammals.

Human development was quantified as continuous and categorical variables. Oil and gas

wells were categorized into wells (low = <150 wells, high =>150 wells), natural gas wells (low =
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<100 wells, high =>100 wells), and active oil wells (low = <25 wells, high =>25 wells). Natural
gas wells and oil wells were also categorized as low (<25 wells), medium (between 25 and 50
wells), and high (>50 wells). We also evaluated road density as categories of low (<100 km of
roads) and high (=>100 km of roads). Roads were categorized into further distinctions, such as
road class and road surface, because traffic volume and speed vary by road class and surface and
may affect hawks differently. Uncommon industrial features, such as transmission lines, were

described as present or absent.
A full list of variables and their data sources can be found in Table 15 and Table 16.

We used univariate models to select between collinear variables and also to test whether
linear, non-linear, categorical, or presence/absence forms of a variable were the best predictor.
Our analyses used an information theoretic approach (Anderson and Burnham 2004) and we
compared Akaike’s Information Criterion (AIC) values, coefficients, and confidence intervals for
each univariate model. The functional form with the lowest AIC for each human disturbance

variable was retained for subsequent models.

Model development

We developed a base model to use as a null model for our relative nest abundance model.
The base model was developed to account for variation not explained by landscape or human
development variables. All terms from the null model were included in the subsequent models.
For example, to control for nuisance variables related to survey effort, we evaluated the

importance of year, Julian date of survey, and total distance surveyed.
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Spatial pattern was evaluated by evaluating the influence of latitude, longitude, elevation,
and ruggedness. Their non-linear terms to the second order were also tested. Ruggedness was
calculated as the standard deviation of elevation within the survey block for the abundance
model and within 2.5 km of the nest for reproduction models. Controlling for spatial pattern can
account for unmeasured environmental factors that vary spatially but for which we do not have

data (e.g., ground squirrel abundance, tree abundance.).

We included province and the quadratic form of proportion of grass in the base model,
which was included in all subsequent models. The quadratic form of grass was statistically
significant and explained a large amount of variation in the data, relative to other variables (p-
value = <0.001, pseudo-R? = 0.108), thus we included it as part of the base model to better

control for its variation while evaluating for additive and synergistic effects.

Soil and climate variables were also controlled. Soil characteristics were quantified as
area-weighted proportions of soil order, parent material, and texture where the proportion of each
soil type was multiplied by the proportion of the survey block covered by the proportion soil
type, and then summed for that soil type. Climate characteristics included minimum, average,

and maximum of temperature and precipitation in spring and summer.
The base model was developed using a stepwise Poisson regression as following.

Variables to assess nest success were categorized into six classes: base, geography, land

cover, industrial development, soil characteristics, and climate.

Our modeling process evaluated the influence of variables to predict nest abundance in
our dataset. We used Poisson regression with the count of Ferruginous Hawk nests found within

blocks as the response variable. We incorporated a validation procedure as part of the model
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selection process, whereby we confirmed the importance of a variable based on an external
dataset. The external dataset was collected by Alberta Environment and Parks (AEP) and part of
a long term monitoring program that surveyed for Ferruginous Hawk nests. AEP censuses 6.4
km by 6.4 km blocks spread throughout southern Alberta. A block is censused every five years,
with a subsample of blocks surveyed every year. We used data collected between 2010 and 2015
and averaged the nest counts in each block across sampled years. These validation data were

used throughout the modeling approach.

We developed models using a stepwise approach, where we predicted relative nest
abundance in each block using model coefficients. We collapsed predicted values and the
average number of hawk nests found on AEP survey blocks into decile bins. We started by
testing variables as univariate models and evaluated if the variable improved predictive
performance. Predictive performance relative to the validation data was evaluated using
Spearman’s rho and its p-value, and correlation coefficient. Only variables that had a statistically

significant (p-value <0.05) Spearman’s rho were included in the next model.

Significant variables formed a global model, that we then reduced by removing any
variables that had a p-value < 0.15 in a backward stepwise procedure. As each variable was
removed, we checked that the model’s Spearman’s rho was increasing and the associated p-value

was decreasing and remained below 0.05.

Several variables were eliminated after the first suite of univariate tests despite having
marginal p-values (e.g., 0.06 to 0.10). We took our reduced model and evaluated if adding each
of these previously eliminated variables improved the predictive performance. If the model
improved, the variable was retained. During this step, variables from the reduced model were

also removed if they became non-significant (p-values > 0.10) and their exclusion improved the
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predictive performance of the model (Arnold 2010). The final model only included statistically

significant variables (p-value <0.05).

Data collection

Nest monitoring

Nest location and type of structure supporting the nest (i.e., tree, artificial nest platform
(ANP), cliff, ground, or other) were recorded. We monitored nests throughout the breeding
season once a week using either a video camera mounted to a pole that could view nest contents,
or by using binoculars or a spotting scope to observe the nest from afar. At each visit, we
recorded nest contents (i.e., clutch size, number of live young) and whether the nest was alive or
dead. At the completion of the nest, we recorded nest fate (i.e., successful when naturally fledged
at least one young), source of nest mortality, date of nest outcome, number of young fledged, and
other reproduction parameters. Hatching was rarely observed; therefore, almost all hatch dates

were estimated from nestling age.

Model development

Base model
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Similar to our relative nest abundance model, we developed a base model to control for
factors that could influence nest survival, but were distinct from landscape and human

development variables.

Intrinsic variables common between models include year, nest age, nest structure type
(i.e., tree, artificial nest platform, cliff, or ground), and estimated hatch date. Intrinsic variables
for nest survival analyses included date of visit, days since average hatch date of that year, and
nest stages categorized as nest building and incubation (1), nestling age 0 to 20 days old (2),
nestling age 21 to 40 days old (3), nestling age 41+ days old (4), and unknown nest stage (5).
Nestlings are capable of fledging after ~40 days old, so the nest stages 2 and 3 reflect the before
and after the halfway point to fledging. Days since average lay date of that breeding season was

used as a proxy to nest age.

We also included survey-related variables in the base model that could potentially bias
analyses. A monitoring bias can occur when nests survive further into the breeding season,
they are more likely to be found compared to nests that failed early and they are more likely to
survive to the next nest visit. We included date of first nest visit that year and visit number to
control for the influence of monitoring bias. Furthermore, we did not have landowner
permission to approach every nest; therefore, a subset of nests was monitored from the nearest
road using a spotting scope. We observed these nests and assessed nest status using adult
behaviour, observations of nestling, nestling age, and other indicators of nest status. Assessing
the nest status from afar does not provide as detailed nest information compared to approaching
the nest and assessing with a video pole. This could influence our ability to determine nest
survival or nest contents. We included accuracy of nest location as a variable denoting whether

we ever approached the nest or not.
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Soil texture, categorized from very fine to very coarse, was evaluated (SLC version 3.2)

(Soil Landscapes of Canada Working Group 2010).

Lastly, we included weather variables that were extracted from ClimateWNA version
5.40 (Wang et al. 2016). We extracted seasonal variables for the winter prior to the breeding
season (December, January, and February), spring of the breeding season (March, April, and
May), and summer of the breeding season (June, July, and August). Winter temperatures and
snowpack have the ability to influence small mammal populations (Heisler et al. 2014), therefore
we included several winter variables. Mean temperature (°C) and precipitation (mm) were
extracted for winter, spring, and summer. In addition, winter degree-days below 0°C and
precipitation as snow during the winter and spring were included. We also extracted monthly
weather variables for each nest visit to examine the relative influence of current mean and
maximum temperature (°C), and precipitation (mm) on daily nest survival. Weather data on
Climate WNA was not yet available for 2016, so nest survival analyses were restricted to 2010 to

2015.

Some variables, such as visit number, days since hatch, and monthly weather prior to nest
visit are suited for nest survival analyses and were not included in the clutch size and fledging

rate analyses (Table 17).

Similar to our previous modeling procedure, we used AIC values to compare univariate
models to select between collinear variables and also to test whether linear, non-linear,

categorical, or presence/absence forms of a variable were the best predictor.
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Cumulative effects model

We modeled daily nest survival using mixed effect logistic nest exposure (Shaffer and
Burger 2004). A subset of randomly chosen nests were monitored weekly and the remainder of
nests were monitored approximately once during incubation, once when nestlings were
approximately 10 to 30 days old, and once when nestlings were close to fledging age (~40+ days
old) to determine nest outcome. Only nests with exposure periods (i.e., number of days between
nest visits) fewer than 15 days were included. Only nests with exposure periods (i.e., number of
days between nest visits) fewer than 15 days were included after I compared models with
exposure days limited to <7 days and <15 days and found that influential variables did not

change, but variances decreased with a larger sample size.

Results

Relative nest abundance

Ferruginous Hawk nest abundance was predicted highest in the south central region of
the study area, near Medicine Hat, Alberta (Figure 29). Low amounts of regosolic soil is
associated with increased relative abundances of Ferruginous Hawk nests, decreasing in a near
linear relationship as proportion of regosolic soil increases in the surrounding township-sized

area.
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Nest Survival

We found that 8.4% of all nesting attempts resulted in a blow out. Of all blow outs,
90.2% occurred in tree nests compared to <0.001% blow outs that occurred on platforms, where
22.7% resulted in nest failure and only 7.6% of blown out nests successfully fledged at least one

young generally.

The base model included intrinsic, geographic, and seasonal weather predicators (Table
18). Compared to artificial nest platforms, nests in trees had lower nest survival. Ground and
cliff nests were excluded from the analyses because of low survival variation, where every
ground nest (n = 9) failed and every cliff nest (n= 4) successfully fledge a minimum of one
young. Relative to the incubation stage, nests with nestlings 0 to 20 day old and 21 to 40 days
old were more likely to survive. Nests with nestlings 41+ days old were the most likely to
survive and this stage was removed from the analyses because of low survival variation. In
comparison, when nest stage was unknown, the nest was less likely to survive. Hatch date was
negatively associated with nest survival. The date of first nest visit was positively associated
with nest survival. Geographic space variables were not predictive, but ruggedness was
positively associated with nest survival. Weather variables in the final variable set included both
a seasonal and monthly metric. Increased average winter temperature, decreased average spring
temperature, and the average temperature of the month when visited were associated with

decreased nest survival (Figure 30).
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Clutch Size

Year was not included in the final model, but 2011 had the highest average clutch size
(3.83 £ 1.02 SD) compared to other years (Table 19). The median clutch size was 3 for each

year, except for 2011 when the median clutch size was 4.

Clutch size was positive associated with average spring temperature (standardized B =
0.109, p-value = 0.00). While only marginally significant, the amount of spring precipitation as

snow (B =0.053, p-value = 0.07) is also positive associated with clutch size (Figure 31).

Fledge Rate

The average spring temperature was positively associated with fledge rate (standardized
B =0.077, p-value = 0.002) (Figure 32) and generalized hatch date was negatively associated

with fledge rate (B = -0.048, p-value = 0.016).

Discussion

Geographic variables predicted hawk nest abundance, but not reproductive success.
Hawk nest abundance was highest near the south central region of the study area, which may
reflect the high abundances of Richardson’s Ground Squirrels in that region (Proulx et al. 2012).
Nest abundance was lowest on the northern periphery of the study area, which coincides with the

northern limit of their range. We might not have evaluated some landscape, soil, or climate
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variables that restrict the Ferruginous Hawk range and also reduces their nest abundance near the

range edge.

The type of nest structure was an important predictor of nest survival. Nests located on
nest platforms and cliffs were more likely to survive compared to nests in trees or on the ground.
Platforms and cliffs may provide a more stable nest structure compared to trees. Almost all
blown out nests failed to fledge young and very few were successful when young were at
fledging or near-fledging age when the event occurred. We propose that nest blow outs are an
important cause of nest failure as almost 8% of all nest attempts ended in a collapsed nest.
Previous studies have also documented summer storms are an important source of nest failure
(Gilmer and Stewart 1983, Wallace et al. 2016b). Furthermore, platform and cliff nests are less
accessible by terrestrial predators, such as coyotes, compared to ground nests, which experienced
100% nest failure (n = 4, ground nests with known outcome). Previous studies also found higher
nest success when nests were on cliffs, power line towers, platforms, and other anthropogenic
structures (Gilmer and Stewart 1983, Steenhof et al. 1993, Wallace et al. 2016b). Nest platforms
may be useful for mitigation plans or important for recovery plans where elevated nest structure

availability is low.

Nest survival varied depending on nesting stage. Nests were less likely to survive early
in the breeding season compared when nestlings were at fledging or near-fledging age. Nests at
an unknown nest stage were also associated with low nest survival in my model, but this is likely
because the nest stage is difficult to determine when the nest contents are missing (i.e., from
predation), particularly when the eggs have not hatched and the nest is difficult to age.
Furthermore, general nest age (number of days since hatch) was negatively associated with nest

survival, suggesting that nests earlier in the breeding season were more likely to fail. Years with
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earlier average hatch dates were also associated with lower nest survival. Spring storms,
associated with cooler temperatures and precipitation, may be the mechanism behind the
decreased nest survival during early nest stages. Conversely, Ward and Conover (2013) found
that survival was highest during the early nestling period and lowest during the late nestling and
fledging period (Ward and Conover 2013). Specific mechanisms, such as extreme weather or
predation, which result in nest failure must be determined to understand why survival varies by

nest stage and between studies.

Soil is often an important driver of species distribution because it can dictate land cover
type, drainage, and other landscape characteristics (Stevens et al. 2011). Relative abundance of
hawk nests was negatively associated with the amount of regosolic soil in a landscape. In the
prairies, regosolic soil is found along large river systems which are lined with trees and shrubs
(Soil Landscapes of Canada Working Group 2010), but Ferruginous Hawks are generally not
found in heavily wooded areas (Blair and F. Schitoskey 1982) and likely do not nest in these
riparian areas. Soil texture was not correlated with nest abundance (Schmutz 1987a), but soil
was an important predictor of home range habitat selection (Chapter 2). Further exploration to
understand the mechanisms behind the association of soil characteristics and Ferruginous Hawk
ecology should assess the relationship between soil and land cover, small mammal and ground

squirrel abundance, and tree cover.

Climate variables did not predict hawk nest abundance, but seasonal weather and weather
preceding a nest visit were good predictors of reproductive performance. Colder winters, which
may benefit small mammal and therefore prey abundance (Heisler et al. 2014), were associated
with high nest survival the following breeding season. Warmer average spring temperatures were

also associated with larger clutch sizes and higher fledging rates. Lower average temperature of
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the month preceding a nest visit was also associated with lower nest survival. These patterns may
reflect how severe weather, which is correlated to cooler average temperatures, impacts nest.
Severe weather such as rain or wind storms can result in a nest blow out, exposure of vulnerable
young to inclement weather, or reduce foraging success and provisioning by parents. Mild
weather may result in better condition adults, perhaps being less energetically stressed by cool or
inclement weather, who are able to lay larger clutches and fledge more young. Prey activity may
also increase in mild weather, such as ground squirrels foraging aboveground, and result in
increased prey availability and better adult body condition. Similarly, Wallace et al. (2016b)
found higher fledging rates when there were fewer severe storms in June (Wallace et al. 2016b).
Understanding if spring storms are specifically the mechanism for lower nest survival and lower

productivity will be important for predicting the future effects of climate change.
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TABLE 15. VARIABLES INCLUDED IN THE MODEL SELECTION PROCEDURE EVALUATING

FACTORS THAT INFLUENCE FERRUGINOUS HAWK NEST ABUNDANCE.

Variable Name Description and units
Geography
long longitude
lat latitude
Land cover
grass proportion of grass
edge total length of edge including where grass and crop interface, water

body and wetland edge, and roads (km)

Human Development

disttx distance to nearest transmission line (km)
tx total length of transmission line (km)
road total length of road (km)
pipe total length of pipeline (km)
fac total number of oil and gas facilities
fnoise total number of sound-producing oil and gas facilities
well total number of surface oil and gas well
oil total number of oil wells
gas total number of gas wells
Soil
eoli area-weighted proportion of eolian parent material
lacu area -weighted proportion of lacustrine parent material

232



fluv
till
coll
fleo
fllc
latl
resd
glfl

gllc

rkud

undm
br
lu
ve

ch

rg
Sz
S _tx
clay

silt

area -weighted proportion of fluvial parent material

area -weighted proportion of till parent material

area -weighted proportion of colluvial parent material

area -weighted proportion of fluvioeolian parent material
area -weighted proportion of fluviolacustrine parent material
area -weighted proportion of lacustro-till parent material
area -weighted proportion of residual parent material

area -weighted proportion of glaciofluvial parent material
area -weighted proportion of glaciolacustrine parent material
area -weighted proportion of undifferentiated bedrock parent
material

area -weighted proportion of undifferentiated organic parent
material

area -weighted proportion of brunisolic order soils

area -weighted proportion of luvisolic order soils

area -weighted proportion of vertisolic order soils

area -weighted proportion of chernozemic order soils
area-weighted proportion of gleysolic order soils

area -weighted proportion of regosolic order soils

area -weighted proportion of solonetzic order soils
categorical soil texture, from 1 (fine) to 7 (coarse)

area -weighted proportion of clay

area -weighted proportion of silt
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sand

carb
Climate

tmin_spr

tmin_summ

tmax_spr

tmax_summ

tav_spr

tav_summ

precipspr

precipsumm

area -weighted proportion of sand

area -weighted proportion of carbon

minimum temperature in spring (°C)
minimum temperature in summer (°C)
maximum temperature in spring (°C)
maximum temperature in summer (°C)
average temperature in spring (°C)
average temperature in summer (°C)
average precipitation in spring (mm)

average precipitation in summer (mm)
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TABLE 16. SOURCE, UNIT OF MEASUREMENT, AND SPATIAL RESOLUTION OF LAND COVER

FEATURES USED TO DESCRIBE LANDSCAPE CHARACTERISTICS OF FERRUGINOUS HAWKS.

Attribute Type Spatial Year  Source
Resolution
Land cover 30m 2000  Agriculture and Agri-Food Canada
Industrial 30 m 2013  IHS Energy
Climate 1 km 2016  Climate WNA version 5.40
Soil 500 m 2010  Soil Landscapes of Canada v3.2
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TABLE 17. LIST OF VARIABLES INCLUDED IN NEST SURVIVAL, CLUTCH SIZE, AND FLEDGING

RATE ANALYSES.

Variable Description and units

name

Base model variables

year year of breeding attempt

dateJ date of visit, Julian

visit visit number to the nest (e.g., 1st visit, 2nd visit, etc)
interval number of exposure days between visits

visitStartD first day of monitoring for the breeding season, Julian
hatchlJ hatchDate, Julian

hatchDateJGen actual hatch data if available, otherwise average hatch

date for that year
daysSinceHatch estimated age of nest, number of days since average hatch

date of that breeding season

nestAgeGen estimated age of nest, number of days since
HatchDateJGen

long longitude

lat latitude

accuracy coordinate take from nest (1) or from nearest road (0)

nestTypelD tree(1), human-made platform (2), cliff(3), ground(4)

nestStage nest building/incubation, 0 — 20 day old nestlings, 21 — 40
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soiltxt
elevation

ruggedness

Seasonal weather

Landscape

tave wt
tave sp
tave sm
ppt_wt
ppt_sp
ppt_sm
dd 0 wt
pas_wt
pas_sp
Tave04#
TMX04#

PPTO4#

grass
grassq
edgegrass

wateredge

day old nestlings, 41+ day old nestlings/>=1 young
fledged, unknown

soil texture

elevation

ruggedness

winter mean temperature (°C)

spring mean temperature (°C)

summer mean temperature (°C)

winter precipitation (mm)

spring precipitation (mm)

summer precipitation (mm)

winter degree-days below 0°C

winter precipitation as snow (mm)

spring precipitation as snow (mm)

mean temperatures (°C) by month of visit
maximum mean temperatures (°C) by month of visit

precipitation (mm) by month of visit

grass, proportion of
grass quadratic, proportion of
edge density, grass/crop (km)

edge density, water/wetland (km)



edgeall edge density, all (grass/water/road)

water water, proportion of
waterdist water, distance to (km)
waterdist water, distance to (km)

Industrial Development

txline transmission line density (km)
txdist transmission line distance (m)
road road density, all (km)

roadhard road density, hard surface (m)
roadloose road density, loose surface (m)
roadhwyart road density, hwys & arterials (m)
roadres road density, resource (m)
distroad road distance (m)

distrdhard road distance, hard surface (m)
distrdloose road distance, loose surface (m)
distrdres road distance, resource (m)
distrdhwyart road distance, hwys & arterials (m)
pipe pipeline density, superpipes (m)
distpipe pipeline distance

wells well density

welldist well distance

oil oil well density
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oildist
oilLMH
gas
gasdist

gasLMH

oil well distance

oil well density (low = 0, medium = 1 to 25, high = 26+)
gas well density

gas well distance

gas well density (low = 0, medium = 1 to 25, high = 26+)
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TABLE 18. STANDARDIZED PARAMETER ESTIMATES () AND STANDARD ERRORS FOR THE TOP

NEST SURVIVAL MODEL FOR FERRUGINOUS HAWKS IN SOUTHERN ALBERTA AND

SASKATCHEWAN FROM 2010 TO 2015. WE USED 728 NESTS AND 4,384 NEST VISITS TO BUILD

THE MODEL.
95% CI

Variable Estimate SE p-value Lower Upper
Platform nest
Tree nest -0.524 0.17 0.00 -0.85 -0.20
Nest stage - Incubation
Nest stage - 0 - 20 day old 0.758 0.21 0.00 0.34 1.17
nestlings
Nest stage - 21 - 40 day old 1.711 0.27 0.00 1.18 2.24
nestlings
Nest stage - Unknown -2.245 0.20 0.00 -2.64 -1.85
Year2010
Year2011 1.304 0.43 0.00 0.46 2.15
Year2012 0.685 0.43 0.11 -0.16 1.53
Year 2013 0.671 0.50 0.18 -0.32 1.66
Year2014 1.215 0.51 0.02 0.21 2.22
Year2015 1.481 0.52 0.00 0.47 2.49
Nest age -0.509 0.15 0.00 -0.80 -0.22
Visit start date 0.271 0.06 0.00 0.15 0.39
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Hatch date general (Julian)
Mean temperature spring

Mean temperature previous winter
Mean temperature month of visit
Proportion of grass

Edge density

Edge density quadratic

Oil well density — low

Oil well density - medium

Oil well density - high

Gas well density - low

Gas well density - medium

Gas well density - high
Ruggedness

Intercept

-0.233

0.362

-0.555

-0.199

-0.175

0.119

-0.063

0.214

-1.182

0.422

0.352

0.161

3.534

0.10

0.14

0.17

0.11

0.06

0.06

0.04

0.17

0.26

0.15

0.16

0.06

0.42

0.03

0.01

0.00

0.07

0.01

0.04

0.13

0.20

0.00

0.01

0.03

0.00

0.00

-0.44

0.08

-0.90

-0.41

-0.30

0.01

-0.14

-0.11

-1.69

0.13

0.04

0.05

2.72

-0.03

0.64

-0.21

0.01

-0.05

0.23

0.02

0.54

-0.67

0.72

0.67

0.27

4.35
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TABLE 19. MEAN AND STANDARD DEVIATION CLUTCH SIZE OF FERRUGINOUS HAWKS BY YEAR.

YEARS AFTER 2013 WERE EXCLUDED FROM THE SUMMARY STATISTICS BECAUSE OF LOW

SAMPLE SIZES (N<5).

Year Mean SD n
2010 2.93 1.08 106
2011 3.83 1.01 142
2012 3.09 0.97 83
2013 2.74 0.75 81
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TABLE 20. SUMMARY STATISTICS FOR NEST SUCCESS METRICS INCLUDING APPARENT NEST

SUCCESS, FLEDGING RATE FOR ALL NESTS WITH KNOWN NEST OUTCOME (INCLUDING FAILED

NESTS), AND FLEDGING RATE FOR ONLY NESTS THAT SUCCESSFULLY FLEDGED AT LEAST ONE

YOUNG.
Fledging Fledging
Apparen
Number rate rate
Year t nest
Successfu including successful
success
n 1 failed nests ~ SD nests only SD n!
2010 130 79 0.61 1.35 1.29 2.22 0.90 79
2011 240 174 0.73 2.10 1.57 2.90 1.05 174
2012 286 195 0.68 1.57 1.30 2.31 0.89 195
2013 329 191 0.58 1.19 1.22 2.06 0.88 190
2014 73 49 0.67 1.40 1.45 2.43 1.06 42
2015 92 75 0.82 2.10 1.45 2.64 1.08 73
2016 85 66 0.78 1.99 1.41 2.60 1.00 65
Tota 1,23
829
1 5 0.67 1.67 1.38 2.45 0.98 818

! Number of successful nests included in the fledging rate for successful nests only differ from

the total number of successful nests. We could not get an accurate fledging rate estimate for all

successful nests.
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Predicted relative nest abundance
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FIGURE 29. PREDICTED RELATIVE NEST ABUNDANCE AND 95% CONFIDENCE INTERVALS FOR
FERRUGINOUS HAWK NESTS IN SOUTHERN ALBERTA AND SASKATCHEWAN, AS A FUNCTION OF
A) LATITUDE, AND B) AREA-WEIGHTED PROPORTION OF REGOSOLIC SOIL WITHIN THE

SURROUNDING TOWNSHIP.
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FIGURE 30. PREDICTED NEST SURVIVAL AND 95% CONFIDENCE INTERVALS FOR FERRUGINOUS
HAWKS IN SOUTHERN ALBERTA AND SASKATCHEWAN FROM 2010 TO 2015, AS A FUNCTION OF
A) MEAN TEMPERATURE IN WINTER (°C , DECEMBER, JANUARY, AND FEBRUARY), B) MEAN
TEMPERATURE IN SPRING (°C MARCH, APRIL, AND MAY), AND C) MEAN TEMPERATURE

DURING THE MONTH OF VISIT(°C).
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FIGURE 31. PREDICTED CLUTCH SIZE AND 95% CONFIDENCE INTERVALS RELATIVE FOR
FERRUGINOUS HAWK NESTS IN SOUTHERN ALBERTA AND SASKATCHEWAN BETWEEN 2010
AND 2013, RELATIVE TO A) AVERAGE SPRING TEMPERATURE AND B) SPRING PRECIPITATION

AS SNOW (SPRING = MARCH, APRIL, AND MAY).
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FIGURE 32. PREDICTED FLEDGING RATE AND 95% CONFIDENCE INTERVALS RELATIVE FOR
FERRUGINOUS HAWK NESTS IN SOUTHERN ALBERTA AND SASKATCHEWAN BETWEEN 2010
AND 2013, RELATIVE TO A) AVERAGE SPRING TEMPERATURE (SPRING = MARCH, APRIL, AND

MAY).
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Appendix C: Supplementary material for Chapter 4: Landscape characteristics, industrial

development, and weather influence brood provisioning by Ferruginous Hawks

Methods

Model selection

We explored the data for outliers, homogeneity of variances, normality, excess zeros,
collinearity, model structure, and overdispersion (Zuur et al. 2010). We also standardized all
predictor variables to zero mean and unit variance prior to analyses. This allowed direct
comparison of the magnitude of each variable as the data is scaled the same.

Univariate models tested a priori hypotheses for variables that could have linear or non-
linear relationships. Between the linear and quadratic models, the model with a lower delta AIC
was compared to the null model and included in the next model selection procedure if the
variable improved model performance.

We simplified models within variable sets by removing non-influential variables and
developing parsimonious variable sets using forward stepwise selection (Burnham and Anderson
2002, Arnold 2010). This reduces the number of variables included in the final model selection
process and reduces the likelihood of including spurious predictor variables. Once variable sets
were developed, we built an all-inclusive model by using a forward step-wise approach that
included or excluded whole variable sets at each step. The all-inclusive model was further
simplified by using a backward step-wise approach to remove variables that were not statistically

significant (p-value >0.10), where the least significant variable was removed at each step
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(Arnold 2010). The variable was left in the model if its removal did not improve the delta AIC.
Variables were removed until all variables in the model were highly predictive (p-value <0.10)
or until the delta AIC started to increase. This elimination process builds the most parsimonious
model as possible, while only including statistically important variables. Model weights were

used as additional evidence for top models.

Results

Out of 1665 prey deliveries, only 142 were not identified to order. They were assigned an

order proportionally by the prey items identified.
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H’ = exp(-Zpi In (pi))

EQUATION 8. SHANNON WIENER DIVERSITY INDEX, DOUBLING METHOD.
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TABLE 21. SUMMARY OF PREY DELIVERED ON VIDEO TO FERRUGINOUS HAWKS NESTS

INCLUDED IN OUR VIDEO FOOTAGE STUDY.

Total Estimated Biomass

Guild Count Proportion (kg) Proportion

Lagomorph 5 0.00 11.5 0.02
RIGR* 1395 0.84 592.9 0.92
Mice/vole 111 0.07 34 0.01
Shorebird 34 0.02 8.3 0.01
Waterfowl 31 0.02 22.6 0.04
Songbird 82 0.05 3.7 0.01
Frog/toad 6 0.00 0 0.00
Total 1664 1 642.38 1

*Richardson’s Ground Squirrel
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Table 22. Mass of common species observed in study area used to generate an estimate for biomass delivered to Ferruginous Hawk

nestlings.

Group Species Mass (g) Mean Median Mass Source

mass  mass used

(& (@ for

study
Ground Richardson’s Juvenile 425 425 Dobson, F. S., & Michener, G. R. (1995). Maternal traits and
Squirrels Ground 275 reproduction in Richardson's ground squirrels. Ecology, 76(3),
Squirrel 851-862.

Females

450

Males 550
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Lagomorphs Mountain 1200 1200 2300 http://aep.alberta.ca/fish-wildlife/wild-species/mammals/rabbits-

cottontail rodents/mountain-cottontail.aspx
White-tailed 3400 3400 http://aep.alberta.ca/fish-wildlife/wild-species/mammals/rabbits-
jackrabbit rodents/whitetailed-jack-rabbit.aspx

Mouse/voles Deer mouse  10-24 17 30.5  http://animaldiversity.org/accounts/Peromyscus_maniculatus/
Meadow 44 44 http://animaldiversity.org/accounts/Microtus_pennsylvanicus/
vole

Shorebirds Willet 200-330 265 245.3 Lowther, Peter E., Hector D. Douglas I1I and Cheri L. Gratto-

Trevor. 2001. Willet (Tringa semipalmata), version 2.0. In The
Birds of North America (P. G. Rodewald, editor). Cornell Lab
of Ornithology, Ithaca, New York,

USA. https://doi.org/10.2173/bna.579

Killdeer 75-128 101.5 https://www.allaboutbirds.org/guide/Killdeer/lifehistory
Marbled 285454 369.5 Gratto-Trevor, Cheri L. 2000. Marbled Godwit (Limosa fedoa),
Godwit version 2.0. In The Birds of North America (P. G. Rodewald,

editor). Cornell Lab of Ornithology, Ithaca, New York,

253


http://animaldiversity.org/accounts/Peromyscus_maniculatus/
https://doi.org/10.2173/bna.579

USA. https://doi.org/10.2173/bna.492

Waterfowl Mallard 967-1300
Northern 709-1110
Pintail

Northern 400-800

Shoveler

Blue-winged 325-403

1133.5

909.5

600

364

728.9

Drilling, Nancy, Rodger D. Titman and Frank

McKinney. 2002. Mallard (Anas platyrhynchos), version 2.0. In
The Birds of North America (P. G. Rodewald, editor). Cornell
Lab of Ornithology, Ithaca, New York,

USA. https://doi.org/10.2173/bna.658

Clark, Robert G., Joseph P. Fleskes, Karla L. Guyn, David A.

Haukos, Jane E. Austin and Michael R. Miller. 2014. Northern

Pintail (4nas acuta), version 2.0. In The Birds of North America

(P. G. Rodewald, editor). Cornell Lab of Ornithology, Ithaca,

New York, USA https://doi.org/10.2173/bna.163

Dubowy, Paul J. 1996. Northern Shoveler (Spatula clypeata),
version 2.0. In The Birds of North America (P. G. Rodewald,
editor). Cornell Lab of Ornithology, Ithaca, New York,

USA. https://doi.org/10.2173/bna.217

Rohwer, Frank C., William P. Johnson and Elizabeth R.
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https://doi.org/10.2173/bna.492
https://doi.org/10.2173/bna.658
https://doi.org/10.2173/bna.163
https://doi.org/10.2173/bna.217

teal

Loos. 2002. Blue-winged Teal (Spatula discors), version 2.0. In
The Birds of North America (P. G. Rodewald, editor). Cornell
Lab of Ornithology, Ithaca, New York,

USA. https://doi.org/10.2173/bna.625

American 427-848 637.5 Brisbin Jr., I. Lehr and Thomas B. Mowbray. 2002. American
Coot Coot (Fulica americana), version 2.0. In The Birds of North
America (P. G. Rodewald, editor). Cornell Lab of Ornithology,
Ithaca, New York, USA. https://doi.org/10.2173/bna.697a
Songbird Western M 106 100.9 449  Davis, Stephen K. and Wesley E. Lanyon. 2008. Western
Meadowlark F 89.4 Meadowlark (Sturnella neglecta), version 2.0. In The Birds of
M 115.3 North America (P. G. Rodewald, editor). Cornell Lab of
F 93 Ornithology, Ithaca, New York,
USA. https://doi.org/10.2173/bna.104
Horned Lark 2840 34 Beason, Robert C. 1995. Horned Lark (Eremophila alpestris),

version 2.0. In The Birds of North America (P. G. Rodewald,

editor). Cornell Lab of Ornithology, Ithaca, New York,
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https://doi.org/10.2173/bna.625
https://doi.org/10.2173/bna.697a
https://doi.org/10.2173/bna.104

Vesper 24.7 24.7
Sparrow

Chestnut- 17-23 20
collared

Longspur

USA. https://doi.org/10.2173/bna.195

Jones, Stephanie L. and John E. Cornely. 2002. Vesper
Sparrow (Pooecetes gramineus), version 2.0. In The Birds of
North America (P. G. Rodewald, editor). Cornell Lab of
Ornithology, Ithaca, New York,

USA. https://doi.org/10.2173/bna.624

Bleho, Barbara, Kevin Ellison, Dorothy P. Hill and Lorne K.
Gould. 2015. Chestnut-collared Longspur (Calcarius ornatus),
version 2.0. In The Birds of North America (P. G. Rodewald,
editor). Cornell Lab of Ornithology, Ithaca, New York, USA.

https://doi.org/10.2173/bna.288

Frog/toad

Great Plains  negligible
Toad
Boreal negligible

Chorus Frog
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https://doi.org/10.2173/bna.288

TABLE 23. LIST OF VARIABLES EVALUATED IN PREY DELIVERY, PREY DIVERSITY, AND

BIOMASS MODELS.

Variable Description and units

name

Base model variables

year year of breeding attempt

dateJ date of visit, Julian

hatchlJ estimated hatch date, Julian

days days of video watched per nest

nestlingAge estimated age of nest, number of days since hatch date
long longitude

lat latitude

soiltxt soil texture

Seasonal weather

tave wt winter mean temperature (°C)
tave sp spring mean temperature (°C)
tave sm summer mean temperature (°C)
ppt_wt winter precipitation (mm)

ppt_sp spring precipitation (mm)

ppt_sm summer precipitation (mm)

dd 0 wt winter degree-days below 0°C
pas_wt winter precipitation as snow (mm)
pas_sp spring precipitation as snow (mm)
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Landscape

ng

cr
tamehay
tamenggra
crth

th

tg

if

shrub
tree
hedge
edgeland
edgeall

water

Industrial Development

hs

ogfoot
0g
road

power

Native grass, proportion of

cropland, proportion of

tame grass and hay, proportion of
native and tame grass, proportion of
Cropland, tame grass, and hay, proportion of
tame hay, proportion of

tame grass, proportion of

idle field

Shrub cover, proportion of

tree cover, proportion of

hedge cover, proportion of

edge density, grassland/cropland (km)
edge density, all (grass/water/road)

water, proportion of

human structure, proportion of

oil and gas footprint, proportion of
oil and gas structure, proportion
road, proportion of

power, proportion of
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well wells, proportion of
gas gas wells, proportion of

oil oil wells, proportion of
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