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Abstract
Canada’s western boreal forest is the second most important breeding area for North
American duck populations. Over the last several decades, this region has experienced a
considerable expansion of industrial development that has drastically altered the structure of
the landscape. Duck populations in North America are a significant and sought-after game
species and thus require effective conservation and management. There is relatively limited
research regarding boreal duck ecology and the impacts of industrial development on ducks
breeding in this region remain largely unexplored. We investigated the effects of land cover
and land use on second and third order habitat selection in boreal breeding female Mallards
(Anas platyrhynchos). In addition, we developed a new method to identify nest attendance
patterns, and applied this method to quantify incubation behaviour (i.e., daily recess frequency,
duration, and incubation constancy) in four species of ground nesting ducks across a gradient
of land cover and land use types. We modelled the effects of land cover, land use, and weather
on incubation behaviour at the micro (i.e., nest site) and macro (i.e., home range) scale. We
found that breeding female Mallards established home ranges with greater proportions of
marsh habitat, graminoid fens, and well pads. Within their home ranges, female Mallards
selected shrub swamps, marsh, graminoid fens, well pads, and borrow pits. Female Mallards
also selected habitats that were close to roads and pipelines. Additionally, land cover, land use,
and weather influenced incubation behaviour, and our results suggested that boreal nesting
ducks took more recesses per day in response to greater densities of secondary roads and
proportions of marsh habitat surrounding the nest. Overall, our results suggested that breeding
Mallards selected and avoided a combination of land cover and land use features when
establishing home ranges and selecting habitats within the home range. In addition, the
v

relationships between incubation behaviour in upland nesting ducks and land cover, land use,
and weather are equivocal, requiring further investigation. Our research addressed important
questions concerning ducks’ behavioural response to the natural features and industrial
development during the breeding period. With the expected continuation of industrial
development in the boreal forest, this information is vital. It will serve as a baseline for future
habitat selection and incubation research in the region; and, assist managers when making
predictions about waterfowl population trajectories in the boreal and other ecosystems
experiencing similar habitat changes.
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Chapter 1: Literature Review
1.1 Ecology
Modern ecology stemmed from an interest in answering simple questions regarding
what animals were doing, the drivers of these behaviours, and the limiting factors acting on
them (Elton 1927, Andrewartha 1970). The pursuit of, and the answers to these questions have
provided ecologists and population managers with valuable insight regarding the extrinsic
factors that influence individual behaviour (McLoughlin et al. 2010) and subsequent individual
or population level fitness (Boyce & McDonald 1999, Hebblewhite & Merrill 2008).
Understanding how individuals interact with their surroundings and the subsequent outcomes
is required to better explore central problems influencing the abundance and distribution of
animals and populations across habitats and spatial scales (Brown 1984, Jones 2011, Lele et
al. 2013, Matthews & Whittaker 2015). Therefore, to refine our understandings of animal
ecology, we must first determine how individuals (or populations) interact with their habitat,
and how habitat influences their decisions and fitness throughout their annual cycle.
1.2 Habitat
Habitat is a unique suite of biotic and abiotic environmental factors that influences the
individual’s behaviour (Holopainen et al. 2015) and limits the abundance and distribution of a
species (Boyce & McDonald 1999, Kaminski & Elmberg 2014, Boyce et al. 2016) by affecting
survival (Fretwell & Lucas 1968) and reproduction (Block & Brennan 1993, Jones 2001). In
ducks, changes in habitat structure and composition have been shown to influence varying
stages of the annual cycle including migration and staging (Krementz et al. 2012, Bengtsson
et al. 2014, Meattey et al. 2019) and nest site selection and brood rearing (Yerkes 2000, Ludlow
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& Davis 2018, Kemink et al. 2019, Dyson 2020). In addition, evidence suggests that habitat
characteristics influence nest success (Dyson 2020, Skaggs et al. 2020), and female (Gue et al.
2013) and offspring survival (Roy 2018). Since these vital life stages are influenced by habitat
structure, it is important to understand how habitat alterations can affect decisions and
subsequent landscape interactions of individuals and populations throughout their annual
cycle.
Industrial development threatens habitat and ecosystem function (Fahrig 2003, Fahrig
& Rytwinski 2009, Beatty et al. 2014a, Roy 2018) at both the regional and local scale (Drapeau
et al. 2000, Faleiro et al. 2013, Beatty et al. 2014a, Holopainen et al. 2015) by altering the
landscape and community structure (Wiegand et al. 2005, Copeland et al. 2011), posing a
major threat to global biodiversity (Turner et al. 2008, Hanski 2011, Lambin & Meyfroidt
2011, Hebblewhite 2017). This process is an inherent function of society that is linked to
economic, technologic, and societal growth (Houghton 1994, Allred et al. 2015). With global
populations on the rise (Wagner et al. 2016), energy use is predicted to increase, and a majority
of this demand is expected to be supplied by fossil fuels (Faleiro et al. 2013, Jones et al. 2015).
In North America, industrial development is a major threat to terrestrial ecosystems (Allred
et al. 2015, Hebblewhite 2017), and the fossil fuel extraction (i.e., oil and gas) industry has
claimed ~3 million ha of land for production purposes (Hebblewhite 2017). The forestry
industry operates concomitantly and rivals the oil and gas sector as the leading cause of land
use change (Timoney 2003). There is growing interest to shift from fossil fuel dependent
energy towards more carbon neutral platforms (Jones et al. 2015), which would reduce overall
carbon emissions (Pimentel et al. 2002, Mcdonald et al. 2009) and climate change concerns
2

(Jacobson 2009). However, this change does not alleviate the landscape impact on the
terrestrial environments. The cumulative land use requirements (i.e., industrial footprints) are
similar, if not greater for carbon neutral energy alternatives (e.g., solar farms; Mcdonald et al.
2009), increasing the concern for terrestrial biodiversity and ecosystem dynamics.
The impacts of industrial development on species ecology has been well studied across
mammalian taxa (Green & Elmberg 2014, DeMars & Boutin 2017, Dickie et al. 2017,
Hebblewhite 2017, Muhly et al. 2019). Evidence suggests that anthropogenic changes to
landscape structure benefit predator communities by facilitating movement (DeMars & Boutin
2017, Finnegan et al. 2018) increasing their efficiency (Abrams & Ginzburg 2000, Muhly et
al. 2019, Mumma et al. 2019) resulting in unsustainable mortality rates that negatively affect
prey population-level fitness (McLoughlin et al. 2005, Hebblewhite 2017). Efforts to mitigate
these impacts require an extensive understanding of both species ecology and behavioural
response to anthropogenic landscape alterations (i.e., industrial development; McLoughlin et
al., 2010). Therefore, it is vital that we identify the factors influencing animal behaviours and
investigate the effects of anthropogenic change on ecosystem structure and function, which
will assist in determining the cause of species decline.
Habitat selection (Johnson 1980) is a central component of animal ecology that has been
investigated for many years (Kendeigh 1945, Fretwell & Lucas 1968, Cody 1981, Block &
Brennan 1993). The hierarchically sequential process has received considerable recognition
throughout the ecological literature (Wiens 1973, Jones 2001, Meyer & Thuiller 2006). The
four orders of selection (Figure 1.1) define the seasonal range of a species or population within
their geographic range (first order) that determines the seasonal home range (second order;
3

Johnson 1980). Selection then becomes demonstrative of resource use, and represents habitat
patch (e.g., marsh) selection within the home range (third order); followed by the precise
procurement of resources (e.g., nest sites) within those patches (fourth order; Johnson 1980,
Meyer & Thuiller 2006). Though we must distinguish between habitat selection and use (Jones
2001). Habitat use represent the patterns and behaviours exhibited by an individual or species
when using habitats; whereas, habitat selection is a process that results in the disproportionate
use of habitats with the goal of increasing fitness and survival (Block & Brennan 1993, Boyce
& McDonald 1999, Jones 2001, Lele et al. 2013). Ultimately, habitat selection occurs coarsely
at the regional or population level and results in the precise selection of habitat components
(i.e., habitat use) at the local or individual level (Johnson 1980, Jones 2001).

Figure 1.1 – Hierarchical orders of habitat selection based on Johnson’s (1980) natural orders
of selection.
The motives to select a particular habitat may be disparate to the underlying reasons for
their persistence within those habitats. For example, the fourth order settling patterns of
4

breeding ducks can be flexible (Johnson & Grier 1988) and influenced by philopatric
behaviours (Rohwer & Anderson 1988, Gauthier 1990, Evrard 1999) or landscape
characteristics (Singer et al. 2020). While post-breeding habitat selection at the third order can
be influenced by nest success and habitat characteristics (Yerkes 2000, Roy 2018) or
congregations of conspecifics (Block & Brennan 1993, Elmberg et al. 1997, Thomson et al.
2003, Kaminski & Elmberg 2014). Therefore quantifying habitat selection at relevant
hierarchical levels (Johnson 1980, Meyer & Thuiller 2006) is essential for elucidating the
underlying factors that influence decisions.
Habitat selection is a scale-dependent process (Mayor et al. 2009) that occurs at different
spatial and temporal scales within the hierarchical levels (McGarigal et al. 2016). Therefore,
we must consider and distinguish between scales when exploring habitat selection because
scale-specific factors that limit overall fitness may influence the individual or population
differently (Orians & Wittenberber 1991). For example, habitat selection during the breeding
period is temporally distinct and unrepresentative of habitat selection during the non-breeding
period. Additionally, breeding habitat selection is often different between sexes and species
due to intra- and interspecific requirements (Afton & Paulus 1992, Jönsson 1997, Lamb et al.
2020), though it can be similar during the non-breeding period (Bengtsson et al. 2014, Lamb
et al. 2020). Furthermore, breeding and non-breeding period objectives of opposite sexes can
be influenced by landscape variables at different spatial scales (Hostetler 2001, Bloom et al.
2013, Beatty et al. 2014b, Dyson 2020). Thus, it is important that we explore habitat selection
across all relevant hierarchal levels (Boyce 2006, DeCesare et al. 2012, Beatty et al. 2014b,
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Kaminski & Elmberg 2014); and, at applicable spatial and temporal scales (Orians &
Wittenberber 1991, Mayor et al. 2009, McGarigal et al. 2016).
1.2.1 Modelling Habitat Selection

Over the last decade, our ability to investigate and understand animal habitat selection has
drastically improved as tracking technologies have become more advanced (Lele et al. 2013,
Thurfjell et al. 2014, Signer et al. 2019) and statistical analyses have evolved, aiding our ability
to process and interpret mass amounts of location data (Prokopenko et al. 2017, Signer et al.
2019, Joo et al. 2020). Of the various modelling approaches, resource selection functions
(RSFs) offer a robust framework for quantifying and describing animal habitat selection
(Fieberg et al. 2020). RSFs compare environmental covariates at used locations to those at
randomly distributed available locations within an estimated availability range (Boyce et al.
2002, Signer et al. 2019) using logistic regression analysis to produce proportional
probabilities of used versus available habitat (Boyce et al. 2016, Avgar et al. 2017, Fieberg et
al. 2020). These models can then be extended further and used to predict the likelihood of
selection (Boyce et al. 2016, Muff et al. 2019) and create habitat suitability maps (Johnson et
al. 2004, DeCesare et al. 2012, Morris et al. 2016, Holbrook et al. 2017). Thus, RSFs are
valuable tools for describing, visualizing, and predicting important habitat for focal species,
but also predicting the likelihood of selection (Avgar et al. 2017, Muff et al. 2019) at the
population or individual level (Forester et al. 2009, Thurfjell et al. 2014).
As with other habitat modelling approaches, RSFs are subject to limitations. When RSFs
focus on populations, models provide insight into suitable habitat at the regional level;
whereas, analyses that focus on the individual can detect variation in habitat selection at a finer
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scale (i.e., within a home range) and highlight important habitats used by individuals (Forester
et al. 2009). Either approach, however, results in spatially limited models that describe habitat
selection within a defined availability domain (Johnson 1980, Boyce 2006, Muff et al. 2019),
which limits the interpretation of the results (Johnson et al. 2004, DeCesare & Pletscher 2006,
DeCesare et al. 2012). Unfortunately, there is a lack of consensus regarding the delineation of
the availability domain (Avgar et al. 2016, Signer et al. 2019). Generally, an availability
domain should be limited to the area that contains the daily activities of the individual or
population across the focal season (e.g., population or individual breeding season home range;
Meyer & Thuiller 2006) and can be defined using a high number of infrequent fixes over a
long duration (Mitchell et al. 2019). This approach is widely applied, though its acceptance is
questionable (Northrup et al. 2013) as defining availability in this way can also introduce more
concerns as RSFs assume observations are independent (Hooten et al. 2016), which can be
problematic when using high resolution location data (Forester et al. 2009).
RSFs allow researchers to investigate complex hypotheses surrounding both habitat
selection and use, while predicting ecological patterns of selection across the landscape.
Furthermore, RSFs provide insight into the effects of habitat change (e.g., industrial
development) on individual and population behaviours, providing the necessary information
to effectively target management objectives (Holbrook et al. 2017). However, RSFs require
careful considerations of the spatial scale when used to inform species and habitat management
(Holbrook et al. 2017) as the definition of availability can result in the misinterpretation or
misapplication of predictions across spatial extents (Johnson et al. 2004, DeCesare & Pletscher
2006, DeCesare et al. 2012). Ultimately, RSFs are a descriptive tool for generating reasonable
7

hypotheses regarding potential habitat selection behaviours (Lele et al. 2013); and if they are
applied and interpreted correctly, they serve as a valuable tool for predicting animal landscape
relationships and highlighting important animal habitats.
1.3 Avian Ecology
1.3.1 Avian Habitat Selection

Avian taxa are highly volant and experience the landscape from a different perspective than
terrestrial vertebrates; thus, the patterns and processes of avian habitat selection have long been
an interest to ecologists (Kendeigh 1945, Hildén 1965, Block & Brennan 1993, Jones 2001).
Early research explored community selection and species assemblages (Kendeigh 1945),
describing the correlations observed between individuals and the characteristics of their
immediate habitat (Hildén 1965, Cody 1981, Ricklefs 2000, Jones 2001). Conflicting
explanations of species distribution among these habitats arose, attributing the patterns to
competition, though habitat composition quickly became an important explanatory factor
(Lack 1933, 1966) regarding distributions and habitat selection. The competing arguments and
notions animal distribution were further clarified with the advanced theoretical modelling
approaches (Fretwell & Lucas 1968) that ultimately guided habitat selection analyses (Nocera
& Bett 2010). Concomitantly, the theoretical natural orders of selection (Johnson 1980) were
proposed, and advancements in technology and modelling approaches set the foundation for
which avian habitat selection research could progress and begin to investigate more detailed
questions (Johnson & Grier 1988).
Researchers have commonly investigated avian habitat selection at fixed orders (Jones
2001, Beatty et al. 2014b) such as coarse order settling patterns (Johnson & Grier 1988,
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Broughton et al. 2020, Singer et al. 2020), and finer habitat selection (Murkin et al. 1997,
Clark & Shutler 1999, Lemelin et al. 2010, Dyson et al. 2019). This has generated a
considerable understanding of how natural (Cody 1981, McCollin 1998, Broughton et al. 2020)
and industrial (Hostetler 2001, Loss 2016, Injaian et al. 2018, Adams et al. 2019) landscape
features influence avian habitat selection.
The hierarchical levels of selection (Johnson 1980, Meyer & Thuiller 2006) can be further
decomposed into seasonal, or temporal scales (e.g., breeding, non-breeding) to further refine
our understanding of the landscape factors that influence habitat selection in avian species
across the annual cycle. Seasonal habitat selection represents the relationship between the
individual and the surrounding habitat (Holbrook et al. 2017) at a given spatiotemporal scale,
and provides insight into the landscape related factors that govern decisions (Prokopenko et al.
2017) and limit abundance and distribution. Ultimately, these findings elucidate the factors
influencing individual and population level fitness (Block & Brennan 1993, Jones 2001,
Kaminski & Elmberg 2014, Boyce et al. 2016). However, to fully comprehend the relationship
between avian species and their habitat, and highlight the variables potentially influencing
population dynamics, habitat selection must be considered across the hierarchical levels,
relevant scales, and various qualities of habitat (Boyce 2006, DeCesare et al. 2012, Holopainen
et al. 2015, Holbrook et al. 2017, 2019).
Migratory birds offer a unique opportunity to explore multi-level seasonal habitat selection
(Kaminski & Elmberg 2014). In particular, ducks use various habitats throughout the annual
cycle including stopover sites (Bengtsson et al. 2014, Beatty et al. 2017, O’Neal et al. 2018,
Si et al. 2018), overwintering areas (Johnson et al. 1996, McDuie et al. 2019, Meattey et al.
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2019, Palumbo et al. 2019) and breeding grounds (Yerkes 2000, Doherty et al. 2015, Kemink
et al. 2020, Singer et al. 2020). Moreover, ducks are relatively abundant on the landscape, and
indirectly provide a suite of ecosystem services for other niche-related taxa (Green & Elmberg
2014, Holopainen et al. 2015). Ducks may also be valuable indicators of ecosystem health and
useful tools for measuring the effects of land use and climate change (Zhao et al. 2019).
We have a considerable understanding of habitat selection in ducks during the non-breeding
season (Beatty et al. 2014b, Bengtsson et al. 2014, McDuie et al. 2019, Meattey et al. 2019,
Palumbo et al. 2019), and during certain aspects of the breeding season including settling,
nesting, and brood rearing at fixed orders and fine spatial scales (Yerkes 2000, Ludlow &
Davis 2018, Roy 2018, Dyson et al. 2019, Kemink et al. 2019, Singer et al. 2020). However,
we have comparatively less knowledge about coarse order breeding habitat selection, and we
know almost nothing regarding the relationship between industrial development and breeding
habitat selection. Exploring this relationship in ducks will generate a broader understanding of
how ducks interact with their habitats, and reveal important behavioural responses of
individuals and populations to changes in ecosystem structure during their most crucial life
stage. Furthermore, habitat selection analyses can highlight key areas used during the breeding
period, and reveal the change in importance at different spatial scales allowing for more
targeted management objectives.
1.3.2 Incubation and Nest Attendance

Incubation is one of the most important aspects in avian reproduction (White & Kinney
1974, Afton & Paulus 1992). The behaviours exhibited by the attending parent(s) maintain
optimal temperatures for embryonic development (Prince et al. 1969, Romanoff & Romanoff
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1972, Webb 1987, Manlove & Hepp 2000, Hepp et al. 2005, Hepp & Kennamer 2012)
resulting in faster development rates and healthier, more viable offspring all while reducing
the risk of nest depredation (Afton & Paulus 1992, Hepp et al. 2006, Durant et al. 2013, Carter
et al. 2014, Croston et al. 2020). However, maintaining optimal incubation temperature can be
energetically costly for the attending parent (White & Kinney 1974, Tinbergen & Williams
2002, DuRant et al. 2013, Ringelman & Stupaczuk 2013, Croston et al. 2020), and since
depredation is the primary cause of nest failure (Ricklefs 1969, Martin 1995, DeGregorio et
al. 2016) there is increased risk for hen survival.
To maintain optimal incubation environments, various incubation behaviours have been
adopted across avian taxa, each of which are characterized by unique nest attendance patterns.
White & Kinney (1974) describes three methods of incubation supported by elementary survey
data collected by Van Tyne and Berger (1959): the primary form of incubation in birds is
biparental, or mutualistic in which both the male and female partners share the duty of
incubation (54%); the secondary form is uniparental, which is often female only (25%), though
certain species also exhibit male only (6%). The final form of incubation is considered
intermediate, in which neither male, female, nor both are entirely committed to incubating
(Van Tyne & Berger 1959, White & Kinney 1974). As with all categorization attempts of
animal behaviour, there are also exceptions to incubation behaviour such as the incubator birds
(family: megapodiidae) who rely on non-metabolic heat sources for incubation (Harris et al.
2014). Other unique cases include the Emperor Penguin (Aptenodytes forsteri) which the male
relies entirely on lipid stores to incubate the egg propped up on the top of his feet, allowing
him to remain nomadic for survival (White & Kinney 1974, Ancel et al. 2009); or the Asian
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hornbills (family: Bucerotidae) where the female locks herself away in a tree cavity for the
duration of the incubation period, receiving food provisions from her mate (Santhoshkumar &
Balasubramanian 2010, Chadre et al. 2011, Kozlowski et al. 2015).
Disregarding the unique incubation behaviours, one of the most demanding incubation
behaviours that emphasizes the stark trade-off between nest attendance, self-maintenance, and
survival is uniparental incubation (Johnson et al. 1999, Cockburn 2006). Though there are
exceptions (e.g., Branta canadensis mate guarding during incubation), most often the
incubating parent receives minimal or no assistance from the partner in the form of shared
incubation duties, food provisioning (Kozlowski et al. 2015), or predator vigilance while
foraging (Fedy & Martin 2009). Thus, the attending parent must decide between the competing
requirements of incubation, self-maintenance, and survival.
To further conceptualize uniparental care, we can consider the patterns of attentiveness on
a spectrum that represents resource allocation. The ends of the spectrum signify the polar
extremes of capital and income breeding strategies (Jönsson 1997). Capital breeders rely solely
on endogenous stores, whereas income breeders rely almost entirely on compensatory forage
to supplement nutritional requirements during incubation (Jönsson 1997, Langin et al. 2006,
Houston et al. 2007, Stephens et al. 2009). The gradient of capital and income breeding
strategies exhibited in avian species, coupled with intermittent foraging behaviour, results in
highly variable incubation patterns (Skutch 1957, 1962, Afton 1980, Manlove & Hepp 2000).
Understanding these patterns (i.e., attentive/inattentive periods) can provide valuable insight
(Baldwin & Kendeigh 1927, Skutch 1957, 1962) into the intrinsic and extrinsic factors that
influence incubation behaviour.
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Ducks serve as an interesting topic for incubation analyses because they exhibit various
incubation behaviours (e.g., biparental, uniparental, and parasitism; Afton & Paulus 1992) and
breeding strategies (e.g., capital and income; Jönsson 1997, Hepp et al. 2006, Bentzen et al.
2010). Most commonly, we observe uniparental (female only) income breeding strategies that
are characteristically similar across species in that nesting hens have inattentive periods where
they leave the nest to replenish endogenous stores (Croston et al., 2020). The result is distinct
variations in incubation rhythms (Afton & Paulus 1992, Hepp et al. 2006) that represent the
incubation behaviour of nesting ducks (Skutch 1957, 1962, Manlove & Hepp 2000).
Incubation behaviour in ducks has received considerable attention over the years (Skutch
1957, White & Kinney 1974, Afton & Paulus 1992, Deeming 2002) and generated a thorough
understanding of the physiological demands (Korschgen 1977, Tinbergen & Williams 2002,
DuRant et al. 2013) associated with avian incubation and embryonic development (Batt &
Cornwell 1972, Caldwell & Cornwell 1976, Ringelman et al. 1982, Mallory & Weatherhead
1993, Hepp et al. 2006, Hepp & Kennamer 2012, Durant et al. 2013). In addition, nest
attendance patterns of various duck species have been described (Ringelman et al. 1982,
Mallory & Weatherhead 1993, Manlove & Hepp 2000) and used to quantify the extrinsic
effects of weather (Afton 1980, Croston et al. 2020, Setash et al. 2020), food availability
(Maccluskie & Sedinger 1999, Bentzen et al. 2010), habitat (Zicus 1995), and depredation on
incubation behaviour in ducks (Ringelman & Stupaczuk 2013, Croston et al. 2018a). Nest
attendance is vital for survival, reproduction, and recruitment. Therefore, understanding the
patterns and behaviour of incubating ducks in response to environmental and habitat related
variables plays an important role when untangling the drivers of population dynamics.
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Research regarding the effects of industrial development on breeding ducks is emerging
(Ludlow & Davis 2018, Roy 2018, Kemink et al. 2019, Dyson 2020, Skaggs et al. 2020), yet
the relationships between industrial development and incubation behaviour have yet to be
explored. Industrial features such as roads have shown to positively influence nest and brood
success (Roy 2018, Dyson 2020, Skaggs et al. 2020), but their influence on incubation
behaviour is unknown. In addition, evidence suggests that duck predators (Dyson et al. 2020)
are more likely to use (Dyson 2020) and benefit from (DeMars & Boutin 2017, Dickie et al.
2017, Finnegan et al. 2018, Muhly et al. 2019, Mumma et al. 2019) industrially disturbed
areas. Nesting ducks often avoid predators and defend their nest by flushing from the nest
(Forbes et al. 1994, Gunness et al. 2001, Dassow et al. 2012). Increased predatory activity may
result in greater avoidance, prolonging the duration of incubation and increasing the overall
susceptibility to predators. Thus, it is important to understand how industrial development
might affect ducks during such a vital stage, as industrial development may indirectly impact
individual fitness and population dynamics.
1.4 Study System
1.4.1 Canada’s Western Boreal Forest

The western boreal forest is an iconic region that is characterized by a myriad of aquatic
and terrestrial habitats (Environment Canada 2013, Prairie Habitat Joint Venture 2014). Large
scale natural disturbance such as wildfires and insect outbreaks (Schmiegelow & Mönkkönen
2002, Carlson et al. 2015, Thom & Seidl 2016) have continuously altered the boreal region,
generating a heterogenous landscape composed of various successional habitats. The habitats
affected by these natural disturbances include expanses of mixed-wood, deciduous dominated
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upland forests that consist of Trembling Aspen (Populus tremuloides), Balsam Poplar (Populus
balsamifera) and White Spruce (Picea glauca). Lowland habitats are characterized by conifer
dominated forests, consisting primarily of Black Spruce (Picea mariana). Scattered amongst
these terrestrial ecosystems are various aquatic communities including large lakes, peatlands
(e.g., bog and fen), and mineral wetlands (e.g., marsh, swamp) that provide a suite of biotic
services and influence forest structure (Foote & Krogman 2006).
The unique collection of terrestrial and aquatic ecosystems supports a diversity of wildlife.
Migratory waterbirds, including ducks, breed and raise offspring throughout the spring and
summer months in the abundant wetlands (Foote & Krogman 2006, Prairie Habitat Joint
Venture 2014). While the many lakes serve as resting habitat during duck fall and spring
migrations. The forests and early successional grasslands also provide migratory song birds
with habitats of comparable purpose and equal importance during the breeding and nonbreeding seasons (Environment Canada 2013). Addititonally, certain areas of the boreal forest
also supports wintering caribou (Rangifer tarandas) and a variety of threatened or endangered
species including Whooping Cranes (Grus americana), Trumpeter Swans (Olor buccinator),
and Wood Bison (Bison bison var athabascae; Foote & Krogman 2006).
In addition to wildlife, the western boreal forest also supports a diversity of natural resources
including oil and gas, and forestry. In recent years, however, the demand for these plentiful
natural resources has increased considerably. Within the last decade, timber harvest was
expected to account for approximately 6 million hectares in the boreal regions; while oil and
gas exploration and infrastructure had already comprised approximately 46 million hectares,
and was expected to increase (Wells 2011). This has resulted in extensive development and
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fragmentation of boreal habitats (Schmiegelow & Mönkkönen 2002, Fahrig 2003,
Hebblewhite 2017, Fisher & Burton 2018), increasing the concern for wildlife populations
(Wells 2011).
The associated pressures from active development and infrastructure on bordering habitats
impedes ecosystem function (Fahrig 2003, Fahrig & Rytwinski 2009, Polfus et al. 2011, Roy
2018) and alters the dynamics (McLoughlin et al. 2005, DeMars & Boutin 2017, Hebblewhite
2017, Finnegan et al. 2018) at varying spatial scales (Drapeau et al. 2000, Faleiro et al. 2013,
Beatty et al. 2014b, Holopainen et al. 2015). For example, linear features (e.g., roads, seismic
lines, pipelines) are narrow cutlines that result in limited habitat loss, but create extensive edge
habitats in forested landscapes (Rich et al. 1999, Degregorio et al. 2014, Mumma et al. 2019,
Dickie et al. 2020) and account for a considerable amount of industrial development in the
western boreal forest. These features occur at high densities on the landscape, and therefore
have the potential to influence wildlife populations at both coarse and fine spatial scales.
Whereas, block features (e.g., well pads, pump stations) are relatively less abundant on the
landscape. At coarse spatial scales, block features are abundant and their cumulative industrial
footprint is large; though, at fine spatial scales, they can be less abundant, given their size and
distribution.
1.4.2 Western Boreal Forest Ducks

In addition to forestry and energy development, Canada’s western boreal forest plays an
integral role in migratory waterbird annual cycles (Environment Canada 2013, Prairie Habitat
Joint Venture 2014, Pavón-Jordán et al. 2017). The heterogenous aquatic communities in the
western boreal forest (Foote & Krogman 2006) are regarded as the second most important
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breeding area for North American duck populations (Slattery et al. 2011), second only to the
prairie pothole region, supporting 12-15 million breeding pairs annually (Slattery et al. 2011).
Unfortunately, some of these species are showing signs of decline due to unknown mechanism
(Ducks Unlimited Canada 2014, Singer et al. 2020). This is concerning because we have not
yet isolated the cause(s) of decline; and the western boreal forest is expected to become
increasingly important to breeding ducks as prairie breeding areas continue to dry up due to
land conversion for agricultural purposes and changes in annual climate regimes (Johnson et
al. 2010, Holopainen et al. 2015).
Industrial development is predicted to continue to increase (Loss 2016), and many studies
have investigated wildlife-development interactions in the boreal (DeMars & Boutin 2017,
Dickie et al. 2017, Hebblewhite 2017). However, we are only beginning to understand this
relationship in boreal ducks (Dyson 2020) and we know very little about how they respond to
industrial development (Slattery et al. 2011, Burton et al. 2014, Singer et al. 2020). The lack
of knowledge regarding the relationship between industrial development ducks breeding in the
boreal reveals a critical gap in the concepts of duck ecology. Furthermore, this presents a
unique opportunity to make a substantial contribution to waterfowl ecology and our overall
understandings of the function of boreal forest ecosystems.
1.5 Objectives
The overall objective of this thesis is to improve our understanding of boreal waterfowl
ecology by quantifying the effects of land cover and land use on habitat selection and
incubation behaviours of ducks breeding in the western boreal forest. The research presented
in this thesis aims to answer the following questions:
17

I.

What habitats are breeding female Mallards using in the boreal forest during
the breeding season?

II.

How do land cover and land use influence breeding season home range
establishment in boreal breeding female Mallards?

III.

How do land cover and land use influence breeding season habitat selection in
boreal breeding female Mallards?

IV.

How does boreal breeding female Mallard habitat selection change across the
second and third orders of selection?

V.

What are the incubation behaviour (e.g., recess frequency, recess duration,
incubation constancy) metrics of boreal nesting ducks?

VI.

Do land cover, land use, and weather effect incubation behaviour in boreal
nesting ducks?

Chapter 1 introduced the theoretical underpinnings of avian habitat selection and incubation
behaviour in a detailed review of the literature. Chapter 2 explores breeding season habitat
selection of female Mallards breeding in the western boreal forest, and quantifies the effect of
land cover and land use on second and third order habitat selection during the breeding period.
Chapter 3 presents a new approach for identifying nest attendance patterns in ducks, then
applies this method to describe incubation behaviours (i.e., recess frequency, duration, and
incubation constancy) in four species of ground nesting boreal ducks; and quantify the effect
of land cover, land use, and weather on incubation behaviour at the micro (i.e., nest site) and
macro (i.e., home range) scale. Ultimately, this research addresses important questions in avian
ecology concerning species responses to anthropogenic changes in ecosystem structure and
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function using waterfowl as a model species. The data from this research can be used to make
predictions about waterfowl population trajectories relative to landscape change, and to inform
conservation policy. This research will also contribute new theoretical knowledge to boreal
forest ecology and waterfowl ecology, while simultaneously assisting in the identification of
the mechanisms driving demographic variation in the region.
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Chapter 2: Multi-level Habitat Selection of Boreal Breeding Mallards
2.1 Overview
Canada’s western boreal forest is vital breeding habitat for North American duck
populations. Recently, this region has experienced considerable demand for its valuable natural
resources (e.g., oil and gas, forestry) resulting in an increase in industrial development (e.g.,
infrastructure), which is predicted to continue. The potential impacts of industrial development
on breeding ducks in the western boreal forest, however, remains largely unexplored. We used
backpack harness GPS transmitters to document habitat selection in breeding female Mallards
across a gradient of industrial development in the western boreal forest of Alberta, Canada.
We modelled breeding home range (second order) selection and habitat selection within the
home range (third order) using resource selection functions; and, spatially predicted our models
across the landscape to highlight important breeding areas. Contrary to our predictions,
breeding female Mallards did not avoid all industrial development at the second and third
orders, and demonstrated selection for natural and industrial features during the breeding
period. Females established home ranges with greater proportions of marsh, graminoid fen,
and wells, and decreasing proportions of forest. Within their home range, females selected
shrub swamps, graminoid fens, marsh, well pads, and borrow pits, and avoided open water,
swamps, treed peatlands, forests, harvest areas, and industrials. Females also selected habitats
close to pipelines and roads. We also observed an increased precision of our coefficient
estimates from the second to third order, implying stronger selection behaviours at the third
order. Overall, our habitat maps highlighted the importance of the western boreal forest for
breeding ducks. Additionally, our results suggested that the magnitude and direction of
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breeding season habitat selection in female Mallards varies depending on the scale and
landscape features; but, current levels of industrial development within our study area still
allowed for the establishment of breeding home ranges. Our research emphasized the
importance of understanding habitat selection across all relevant scales and levels; and,
contributes to the increasing body of work surrounding the boreal ecology by improving our
understanding of ducks in Canada’s western boreal forest.
2.2 Introduction
Habitat selection is a fundamental aspect of species ecology (Kendeigh 1945, Fretwell &
Lucas 1968, Cody 1981, Block & Brennan 1993) that represents the connection between the
individual and their surroundings (Holbrook et al. 2017) and influences individual fitness and
population performance (Jones 2001, Kaminski & Elmberg 2014, Doherty et al. 2015,
Matthiopoulos et al. 2015, Boyce et al. 2016). In animals, habitat selection is a hierarchal
process whereby individuals coarsely select habitat within their geographic distribution (first
order), then becoming increasingly more refined in subsequent home range selection within
their distribution (second order), habitat patch selection within their home range (third order),
and resource selection within those patches (fourth order; Johnson 1980). It is important to
consider habitat selection across these hierarchies (Boyce 2006, DeCesare et al. 2012,
McGarigal et al. 2016, Holbrook et al. 2017, 2019) to better understand species ecology and
guide management efforts. Our ability to quantify this relationship with empirical data has
drastically improved over the last decade. The concomitant advancements of tracking
technologies (Kesler et al. 2014, Kirol et al. 2020) and modelling techniques allow researchers
to collect, process, and fit models to mass amounts of location data (Lele et al. 2013, Signer et
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al. 2019, Joo et al. 2020). Resource selection functions (RSFs) are a popular and robust method
for investigating the relationships between individuals and their surroundings (Boyce et al.
2002, Avgar et al. 2017, Holbrook et al. 2017, Muff et al. 2019) that can provide insight into
the effect of resources on species distribution at the individual and population level (Block &
Brennan 1993, Jones 2001, Forester et al. 2009, Kaminski & Elmberg 2014, Boyce et al. 2016).
Migratory birds, such as ducks, are ideal for investigating multi-level habitat selection
because of their temporally distinct habitat requirements that drive the hierarchical selection
of habitats at the various stages of the annual cycle (Kaminski & Elmberg 2014). Habitat
selection occurs annually during the non-breeding (Bengtsson et al. 2014, Beatty et al. 2017,
Meattey et al. 2019, Palumbo et al. 2019), and breeding periods (Johnson & Grier 1988, Yerkes
2000, Doherty et al. 2015, Kemink et al. 2020, Singer et al. 2020). The breeding period
represents a temporal scale and a critical stage in the annual cycle of ducks when habitat
structure and composition can influence reproduction and survival of nests, broods, and adults
(Simpson et al. 2007, Boyer et al. 2018, Roy 2018, Dyson 2020, Skaggs et al. 2020). A
majority of the breeding habitat selection research is in prairie (Gloutney & Clark 1997,
Murkin et al. 1997, Clark & Shutler 1999, Yerkes 2000, Ludlow & Davis 2018) and arctic
regions (Robertson 1995, Pratte et al. 2016, Gerall 2019, Lamb et al. 2020) and focuses on
third and fourth order selection at specific phases of the breeding period (e.g., nest and brood
sites). Thus, we have a limited understanding of coarse order breeding habitat selection in
ducks (Johnson & Grier 1988, Krapu et al. 1997), and we have considerably less knowledge
regarding breeding habitat selection in boreal ducks (Holopainen et al. 2015, Dyson 2020,
Singer et al. 2020).
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The relationship between industrial development (e.g., oil and gas) and duck ecology is a
nascent area of research. Energy demand and industrial development are expected to continue
to increase (Jones et al. 2015, Loss 2016). In addition, ducks are of significant cultural and
economic value (Green & Elmberg 2014), and therefore, a priority of conservation and
international management strategies (Doherty et al. 2015, NAWMP 2018). Recent studies have
investigated the effects of industrial development on nest site selection, survival, and brood
abundance (Ludlow & Davis 2018, Roy 2018, Kemink et al. 2019, Dyson 2020, Skaggs et al.
2020). Collectively, current research suggests that nesting ducks of some species are resilient
to industrial development. However, this is only a glimpse of the breeding period. Thus, we
require a more holistic understanding of how industrial development affects breeding habitat
selection across the stages of the breeding period. For example, if breeding female ducks avoid
industrial development (e.g., pipelines) during settling or territory establishment (Singer et al.
2020), we might fail to detect these behaviours in fine scale habitat or nest site selection
analyses. Therefore, investigating how ducks select breeding habitat across hierarchical levels
in the boreal will fill an important knowledge gap, and identify vital breeding areas that guide
management efforts.
The western boreal forest is the second most important breeding area for North American
duck populations (Slattery et al. 2011, Singer et al. 2020), though our understanding of
breeding habitat is limited, and breeding habitat selection in boreal breeding ducks remains
largely unexplored. Additionally, the boreal has experienced considerable amounts of
industrial development (Schmiegelow & Mönkkönen 2002, Fahrig 2003, Slattery et al. 2011,
Fisher & Burton 2018) in recent years that has drastically altered landscape structure (Wells
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2011) and ecosystem dynamics (McLoughlin et al. 2005, DeMars & Boutin 2017, Hebblewhite
2017, Finnegan et al. 2018, Muhly et al. 2019). Therefore, we quantified habitat selection of
breeding female Mallards using GPS transmitters in the western boreal forest of Alberta,
Canada. Our first objective was to describe the habitats used by boreal Mallards during the
breeding season. Our next objective was to quantify habitat selection at the second and third
orders selection (Johnson 1980) using RSFs, to investigate how land cover (i.e., natural habitat)
and land use (i.e., industrial development) influenced breeding habitat selection female
Mallards. Our final objective was to develop spatially predictive maps of habitat selection to
aid in the spatial prioritization of breeding habitats for ducks in the western boreal forest.
2.3 Methods
2.3.1 Study Area

Our study was located within the western boreal forest region (Prairie Habitat Joint Venture
2014) of Alberta, Canada within ~ 100 km radius of Utikuma Lake (Figure 2.1). This landscape
is a mosaic of terrestrial and aquatic habitats composed of upland mixed-wood deciduous
forests consisting of Trembling Aspen (Populus tremuloides), Balsam Poplar (Populus
balsamifera) and Jack Pine (Pinus banksiana), with Black Spruce (Picea mariana) dominated
lowland habitats. Scattered amongst the terrestrial ecosystems are various aquatic communities
including peatlands (e.g., bog and fen) and mineral wetlands (e.g., open water, marsh, swamp).
Both terrestrial and aquatic communities have been regularly influenced by large scale natural
disturbance such as wildfire and insect outbreaks (Schmiegelow & Mönkkönen 2002, Carlson
et al. 2015, Thom & Seidl 2016). Within the last three decades, the western boreal has also
experienced increased amounts of industrial development as a result of the demand for natural
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resources including oil and gas, and forestry (Schmiegelow & Mönkkönen 2002, Foote &
Krogman 2006, Slattery et al. 2011, Wells 2011, Pasher et al. 2013). Therefore, we categorized
our landscape based on cumulative land use intensity (e.g., high, medium, low) and disturbance
types (e.g., developed, harvested, burned), generating nine landscape strata, which we used to
guide the distribution of our trapping efforts across our study area in an effort to mark birds
across the range of landscape categories.

Figure 2.1 – General map of study area in the Slave Lake region of Alberta, Canada. Points
represent all trap locations in 2019 (l), including capture sites of transmitter marked females
using decoy traps (p) and the airboat (¢). The red outlined shaded areas represent individual
home range boundaries for marked ducks used in the habitat selection analysis. The inlay
indicates the location of the study area (hashed box) relative to the study extent within the
province of Alberta and Canada.
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2.3.2 Field Methods
2.3.2.1 Capture

We employed a combination of active and passive techniques to capture ducks in the spring
(12 April – 26 May 2019) including decoy traps (Sharp & Lokemoen 1987, Kaminski et al.
2013, Brasher et al. 2014) and spotlighting from an airboat prior to nest initiation (Cummings
& Hewitt 1964, Drewien et al. 1967, Buchanan et al. 2015). Our decoy ducks were ‘wild strain’
female Mallards (approximately 3-4 generations removed; Juniata River Game Farm,
Lewistown, PA, USA) and a domestic hybrid (Rouen x Call; Tanjo Farms, Millbank, ON,
Canada). We operated up to 10 traps per night. Decoy ducks were in traps for at least 24h and
no more than 72h, at which point we replaced individuals with a rested female. We also
captured females during two nights of airboat banding at two locations within the study area.
We focused our airboat capture efforts on Mallard hens accompanied by drakes and only
tagged hens that were captured with a drake. The presumed pairs were released together after
processing.
2.3.2.2 Transmitter Attachment

When we captured females that weighed >1000 g, we banded them using a standard USGS
aluminum leg band. We attached solar powered GPS-GSM-UHF (CREX, Ecotone, Poland)
transmitters (n = 20) with an additional side mounted VHF transmitter (ATS, Asanti, MN,
USA), using a modified backpack harness (Dwyer 1972, Krementz et al. 2012, Palumbo et al.
2019) made of Teflon ribbon (4.76 mm; Bally Ribbon Mills, Bally, Pennsylvania, USA), and
secured the units with copper crimps (ID 4mm, OD 5mm copper tubing). Our harnesses also
included round elastic band inserts across the horizontal straps allowing the cross straps to
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extend by approximately 2.54 cm to accommodate for post-breeding/pre-migration mass gain
of the individual. Complete transmitters (including the Teflon harness, neoprene pad, elastic
band, copper crimps, GPS unit, and VHF unit) weighed ~30 g (< 3% female ducks body
weight). Transmitters were acquired through Vertebrate Systems, LLC, Missouri, USA. We
took careful consideration when making the harnesses to reduce the influence on the hen, and
followed similar procedures to recently published literature (Krementz et al. 2012, Beatty et
al. 2014b, Kesler et al. 2014, Palumbo et al. 2019, Kirol et al. 2020). In addition, when we
discovered female mortalities (n = 2) or harness failures (n = 1), we confirmed the units were
in operating order, attached a new harness, and redeployed the transmitters.
2.3.2.3 Tracking

Transmitters recorded female locations using GPS on two separate duty cycles and
transferred the data using two separate communication systems. The first cycle recorded a
single GPS location every 12 hours that was sent remotely through the GSM cellular (3G)
network. The second duty cycle recorded a single GPS location every hour that was stored on
the transmitter and could be actively downloaded via Ultra High Frequency (UHF)
communication with a handheld download device (i.e., base station). In addition, data on the
second duty cycle were received remotely via a File Transfer Protocol (FTP) at irregular
intervals related to cellular connectivity (i.e., received over the GSM cellular network
intermittently). This was particularly useful for cases where we could not retrieve data in the
field using the base station (i.e., UHF).
We relocated individuals on a 3-5-day rotation using a combination of data sent via the
GSM network and previously known locations. We visited the last known location and then
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actively isolated the individual’s current location using VHF. However, due to poor cellular
coverage within our study area, the GSM system was not always a reliable source for
identifying the last known location. Therefore, the VHF system played an important role in
overcoming this issue by also allowing us to actively relocate females and get in range to
download the most recent data using the UHF base station, monitor activity, and identify
potential nesting activity and nest locations.
2.3.3 Analysis
2.3.3.1 Data Processing

We reduced our final location data set to only include locations during the breeding season
following a multi-step process. Since majority of our trapping efforts targeted breeding pairs
during the spring on small waterbodies, we assumed that females had already established a
territory and breeding home range upon capture. Therefore, we included all location data from
the date of capture for each individual in our initial dataset. We began by removing individuals
from the data due to transmitter failure (n = 1), mortality (n = 2), emigration (n = 1), harness
failure (n = 1), and insufficient data (n = 1). Next, we only included locations that fell within
the western boreal forest (Prairie Habitat Joint Venture 2014). We then estimated a breeding
period cut-off date (September 13) by determining the latest estimated nest initiation date (June
15) using boreal Mallard nesting data from 2016 – 2018 (Dyson 2020). Our estimated cut-off
was consistent with Raquel et al. (2016), who suggested ~95% of prairie nesting Mallards have
initiated their nest by June 17. We then added 90 days to account for laying (10 days),
incubating (30 days), and pre-fledging (50 days; Southwick 1953) to define the end of the
breeding season, and removed all locations from our data set that occurred outside of this time
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frame. This produced location data for each individual from the date of capture to September
13 that fell within western boreal forest.
We also took into consideration molt-migration movements. Prior to molt, waterfowl
sometimes leave their breeding grounds and congregate at molting areas (Salomonsen 1968,
Jehl Jr. 1990, Yarris & McLandress 1994, Tonra & Reudink 2018). Therefore, we removed
distinct movements that resembled molt-migrations and any location data thereafter. To do
this, we used a heads-up changepoint analysis to identify changes in variance of the
individuals’ ordinal day net-displacement (Beatty et al. 2014b, Palumbo et al. 2019) using the
pruned exact linear time (PELT) algorithm (Killick et al. 2012) with a manual penalty of
2*log(number of locations) in the changepoint package (Killick & Eckley 2014) for R (R Core
Team 2019). We visually inspected each plot (Figure 2.2A) to confirm changepoint assignment
(Figure 2.2B) and removed subsequent location data following movements that were greater
than 50 km (Figure 2.2C). Finally, remoteness of our study location occasionally resulted in
poor communication with cellular networks, causing variability in data resolution across
individuals. As a final step, to remove any duplicate locations recorded by duty cycle overlap
at the 12-hour mark, we standardized sampling rates across individuals at one-hour intervals
consistent with the median sampling rate between consecutive locations using the amt (Signer
et al. 2019) package in R (R Core Team 2019).
We then quantified land cover and land use covariates (Table 2.1) within our study extent
using QGIS (QGIS version 3.14.0 - Pi; QGIS Development Team, 2020). To measure land
cover, we used Ducks Unlimited Canada’s Enhanced Wetland Classification raster layer (30
m resolution; Ducks Unlimited Canada 2011). We grouped similar land cover covariates based
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on common characteristics to reduce the number of variables that we considered. For example,
we combined all treed mineral wetland types as swamp (Table 2.1), but excluded shrub swamp
in the grouping because we expected it to be an important land cover type for ducks.

Figure 2.2 – Net displacement changepoint analysis for identifying and removing potential
molt-migrations of female Mallards during the 2019 breeding season in the western boreal
forest, Alberta, Canada. A) complete net displacement segment for a single female Mallard
from date of transmitter deployment to September 13; B) complete net displacement segment
for the same female Mallard with distinct changepoints (dotted line) identified. The first
changepoint (~1000 Row ID) is characteristic of a presumed molt-migration movement and all
data after this point are removed; C) clipped net displacement segment representing all
locations prior to presumed molt-migration.
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Table 2.1 –Descriptions and unstandardized range for grouped and individual fixed-effect predictors used in second and third order
RSFs. Available values at the second and third order were summarized at the 1430 m and 45 m spatial scales, respectively. Second (2nd)
order and third order (3rd) range represent the unstandardized range of land cover and land use covariates at their respective order.
Predictors noted with (-) were not included in the model.
Covariate
*

2nd Order
Range

3rd Order
Range

Includes aquatic bed, mudflats, emergent, and meadow marsh. Transition
zone between the open water and forests and/or graminoid fens. Saturated
to permanently flooded hydrologic conditions, but often experiences
periodic drawdowns and seasonal inundation. Measured as proportional
area.

0 – 0.73

0–1

Includes conifer swamp, tamarack swamp, mixedwood swamp, and
hardwood swamp. Standing woody vegetation (> 10 m in height) with
variable amounts of surface water. Transition between peatlands and
forests. Measured as proportional area.

0 – 0.59

0–1

0 – 0.39

0–1

0 – 1.0

0–1

Description

Land Cover

Marsh

Swamp

Shrub Swamp

Open Water

Includes shrub swamp. >25% shrub coverage with large pools of water >2
m. Transition zone between marshes and forests. Measured as proportional
area.
Includes open water areas such as lakes, ponds, rivers, and other water
bodies. Commonly associated with marsh, fen, and swamp. Measured as
proportional area
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Treed Peatland

Graminoid Fen

Forests

Includes treed bog, shrubby bog, treed poor fen, treed rich fen, shrub poor
fen, and shrub rich fen. All peatland types with trees >10m and shrubs,
>20% Sphagnum spp cover, limited or no surficial hydrology, and varying
nutrient availability. Measured as proportional area.

0 – 0.98

0–1

Includes graminoid poor fen and graminoid rich fen. Shrubs < 2m in height
and < 25% tree and shrub cover, > 20% Sphagnum spp cover, variable
surface hydrology. Measured as proportional area.

0 – 0.41

0–1

Includes upland conifer, mixedwood, deciduous, and other forest/upland
habitat types. Measured as proportional area

0 – 0.94

0–1

Land Use
Distance to Roads

Average distance of individual location to roads (km)

-

0 – 5.21

Distance to Seismic
Lines

Average distance of individual location to seismic lines (km)

-

0 – 5.28

-

0 – 7.13

Maintained (e.g., paved and gravel roads) and unmaintained roads (e.g.,
winter roads and trails) measured as the average length (m) within a pixel,
per home range.

0 – 3.94

-

Pipelines and transmission lines measured as the average length (m) within
a pixel, per home range.

0 – 5.25

-

Distance to Pipelines Average distance of individual location to pipelines (km)
Roads

Pipelines
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*

Seismic Lines

Seismic lines measured as the average length (m) within a pixel, per home
range.

0 – 9.17

-

Industrials

Industrial block features (e.g., camps, facilities, oil and gas buildings, gas
plants) measured as the average area (m2) within a pixel, per home range.

0 – 115.94

0 – 900

Harvest Areas

Harvest areas measured as the average area (m2) within a pixel, per home
range.

0 – 680.51

0 – 900

Wells

Abandoned and active oil and gas well sites measured as the average area
(m2) within a pixel, per home range.

0 – 41.41

0 – 900

Borrow Pits

Borrow pits, sumps, dugouts, and lagoons measured as the average area
(m2) within a pixel, per home range.

0 – 51.67

0 – 900

Descriptions derived from Smith et al. (2007)
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We quantified land use layers using the Alberta Biodiversity Monitoring Institute’s 2018
Human Features Inventory database vector layers (Alberta Biodiversity Monitoring Institute
2020) and also grouped similar land use covariates based on their characteristics (Table 2.1).
For example, wells represent both active and inactive well sites, though we did not group them
with other industrial features in order to isolate their potential effects on habitat selection. We
summarized polygonal features to represent the area (m2) that is covered within a 30 m x 30 m
pixel; and linear features to represent the sum of the length of each line feature within a pixel
to be consistent with our land cover layers.
Linear features can influence multiple aspects of duck ecology during the breeding period
(Roy 2018, Dyson 2020, Singer et al. 2020); thus, in addition to linear feature densities, we
also generated distance raster layers to be consistent with our land cover layers (Table 2.1).
Distance raster cells were assigned a value equal to the distance (km) from the edge of the cell
to the nearest linear feature in question, and cells representing linear features were assigned a
value of 0. We included distance rasters to account for the potential influence of linear features
in the surrounding landscape at the finer spatial scale (third order), and capture the potential
proximity related effects that may otherwise go undetected. Finally, we excluded land cover
and land use features with minimal coverage across the study extent, and features that did not
associate with any group criteria.
2.3.4 Habitat Selection
2.3.4.1 Second Order

At the second order, we constructed a habitat availability domain using all of the individuals
in our sample (Meyer & Thuiller 2006) with the amt package in R (R Core Team 2019). We
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fit a 100% minimum convex polygon (MCP) around all individual locations and buffered the
MCP using a distance equal to the diameter of a circle equivalent in area to the maximum
observed home range of a female Mallard from our sample (Holbrook et al. 2017). This
buffered MCP contained every individuals’ home range. Observed home ranges (n = 17) were
our used locations. To sample potential available home ranges (n = 1,700), we randomly
generated 1,700 (1:100, used to available; Northrup et al. 2013) points within the 100% MCP
and buffered them by the diameter of a circle equivalent in area to the median (6.42 km2)
Mallard home range from our sample (Holbrook et al. 2017). We used the median home range
because our observed home range sizes were overdispersed. We determined whether home
range size increased linearly with the location sample size (Powell 2000, Börger et al. 2006)
by plotting the number of sampled locations against home range area and did not observe a
significant correlation (F1, 15 = 0.06, P = 0.80, r2 = -0.06). We extracted land cover covariates
representing proportional estimates of land cover (0-1). To account for variation in home range
size, we extracted individual areal land use features (e.g., well pads) as the average area (m2)
of anthropogenic disturbance within a pixel, and linear land use features (e.g., pipelines) as the
average length (km) of line feature within a pixel, and consider this an index of anthropogenic
disturbance density.
Table 2.2 –Home range size and location data for female Mallard breeding in the western
boreal forest of Alberta, Canada during the 2019 breeding season. Data are arranged by home
range size in descending order. Total Locations indicates the number of locations following
the standardization of sampling rates across individuals at one-hour intervals consistent with
the median sampling rate between consecutive locations. Location days represents the number
of days for which we have ≥1 location per individual. Duration is the time period between our
first and last location for each individual female Mallard between April 13 and September 13,
2019.
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Home
Range
Area (km2)

Home
Range
Weights

Total
Locations

Location
Days

Duration
(Days)

Daily
locations
(!̅ ± $%)

DEL_24

0.12

0.25

459

23

23

19.96 ± 5.27

DEL_19

0.32

0.5

2030

92

92

22.07 ± 3.44

DEL_15

1.71

0.75

232

16

72

14.50 ± 7.57

DEL_14

1.88

0.75

1601

137

137

11.69 ± 9.65

DEL_28

1.96

0.75

1204

53

53

22.72 ± 3.02

DEL_18

2.08

0.75

2363

114

114

20.73 ± 5.03

DEL_22

3.81

1

763

35

93

21.80 ± 4.93

DEL_11

4.35

1

2254

104

104

21.67 ± 3.73

DEL_25

6.43

1

2839

127

127

22.35 ± 2.77

DEL_16

8.56

1

451

24

24

18.79 ± 8.00

DEL_09

8.8

1

2673

128

128

20.88 ± 5.36

DEL_29

12.46

0.75

1709

76

76

22.49 ± 3.63

DEL_30

13.4

0.75

1256

65

65

19.32 ± 6.74

DEL_27

14.52

0.75

1233

56

56

22.02 ± 2.88

DEL_12

19.7

0.5

553

29

81

19.07 ± 7.99

DEL_23

29.36

0.25

862

40

40

21.55 ± 4.85

DEL_01

66.64

0.125

1517

70

70

21.67 ± 4.79

Female ID

2.3.4.2 Third Order

We constructed individual home ranges for third order selection using 95% MCPs that
represented the individuals’ availability domain (Johnson 1980, Jones 2001). We investigated
habitat selection at the third order using our individual home ranges where locations within the
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home range (95% MCP) represented habitat use. Matching the available location sample size
with the respective hierarchical level (e.g., third order selection) and scale of inference is
important (Beyer et al. 2010, Northrup et al. 2013). Since the availability domain at the third
order was more constrained than the second order, we generated randomly distributed available
locations at a 1:2 used to available ratio within each individual home range. This allowed us to
obtain an adequate sample of availability for each individual (Hebblewhite & Merrill 2008,
Holbrook et al. 2017). We then buffered our used and available locations using a 45 m radial
buffer to capture the location and the immediate surrounding landscape. We accounted for
linear features using the distance rasters. We sampled habitat selection at used (n = 23,999)
and available (n = 47,998) locations by extracting land cover and land use covariates
representing proportional estimates of land cover (0-1), the average distance to linear features
(m), and the average area for block features (m2). We extracted all land use and land cover
covariates using the raster package (Hijmans et al. 2020) in R (R Core Team 2019).
2.3.5 Model Construction

We quantified the influence of land cover and land use covariates on second and third order
habitat selection using fixed and mixed effects logistic regression based RSFs, respectively.
We standardized covariates by subtracting the mean and dividing by the standard deviation,
and did not allow highly correlated variables, Pearson’s r > |0.65|, in the same model. Our
global model included seven land cover and seven land use covariates (Table 2.1). At the
second order, we used a weighted binomial logistic regression and weighted all home ranges
to reduce the influence of observed home range sizes at the extreme ends of the distribution.
We calculated the deviance from the median for every home range and assigned decreasing
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weights to home ranges as they deviated from the median home range size which was used to
estimate coverage in our available sites (Table 2.2). At the third order, we fit a mixed effects
logistic regression with individual identification as a random intercept. We evaluated all
potential model combinations of our global model using AICc, and removed nested subsets of
the top model that contained uninformative parameters from our model sets, presenting all
competing models within 1 ΔAICc at the second order, and 2 ΔAICc at the third order of the
top model (Arnold 2010). We selected the top ranked model with the lowest ΔAICc for the
generation of covariate effects plots (Burnham & Anderson 2004) and spatial predictions. We
used the lme4 (Bates et al. 2015) package in R (R Core Team 2019) to complete all modelling.
2.3.6 Habitat Mapping

We predicted our top ranked models across the landscape and generated maps that are
reflective of the relative probability of selection of land cover and land use features at the
second and third orders of selection (Johnson 1980, Meyer & Thuiller 2006). We produced
equal-area quantile ranked selection probability maps at the second and third order. We
standardized the landscapes using 1430 m radial moving window, consistent with the median
home range size at the second order and a 45 m radial moving window at the third order. At
the third order, we standardized the landscape using the sample mean and standard deviation
from our third order sample data to align with our model. Furthermore, to avoid exceeding the
limits of our predictive surface, we removed any landscape values that fell outside the range
of our second and third order sample data and assigned NULL values to those pixels. We
predicted the relative probability of selection across the second and third order landscapes
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separately, and categorized selection probabilities using equal-area quantile ranking (Morris et
al. 2016).
We used the model-predicted second and third order surfaces to generate two additional
maps. We produced our scale-integrated map by multiplying our second and third order
prediction probability surfaces together (DeCesare et al. 2012, Fedy et al. 2014, Holbrook et
al. 2017), then categorized the integrated selection probability using equal-area quintile
rankings (Morris et al. 2016). The scale-integrated maps are argued to be more representative
of habitat selection than single-order maps characterize because they integrate selection
probabilities from the second and third orders into a single map (DeCesare et al. 2012,
Holbrook et al. 2017). Since there was not enough interpretable variation between equal-area
quintile rankings 1, 2 and 3, we grouped quintiles into three bins (e.g., 1-3, 4, 5). We generated
our change-in-rank map by subtracting the rank values from our third order equal-area quintile
ranked map from the rank values of our second order equal-area quintile ranked map (Polfus
et al. 2011). This map represents the importance of landscape relationships across hierarchical
levels (i.e., second to third order habitat selection). All equal-area ranking and raster
calculations were completed in ArcMap (Esri® ArcMap™ 10.7.1.11595, Redlands, CA,
USA).
2.4 Results
We captured a total of 30 female Mallards between April 12 and May 26, 2019 using decoy
traps (n = 23 hens) and an airboat (n = 7 hens). We outfitted 23 females with transmitters. We
collected 52,568 GPS locations from 23 individuals during the breeding period (April 13 September 13). Three of the 20 transmitters were redeployed including two from hens who
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were depredated and one transmitter that was found in a small wetland, which we attributed to
be a result of harness failure. We were unable to relocate one individual following release and
attributed this loss to transmitter failure. Another female emigrated the study area shortly after
capture, spending a portion of time in the prairies of southern Alberta, then travelling further
south into Montana; and one individual had an insufficient number of locations (n = 26).
Following the removal of hens (n = 6) and data trimming, we had 23,999 GPS locations
across 17 individuals (Table 2.2), with an average of 1,412 ± 812 observed locations per
individual (range: 232 – 2,839 points). The median number of observed locations per day
across individuals was 23 (IQR: 20 - 23) and the median home range size was 6.42 km2 (IQR:
1.96 – 13.40 km2).
2.4.1 Second Order Selection

Our top ranked model that best predicted second order selection included marsh, graminoid
fen, forest, and wells (Figure 2.3). There were 3 competing models in our candidate set within
1 ΔAICc (Table 2.3). The remaining models were within 13 ΔAICc and included non-nested
combinations of the top covariates. Our second order selection results produced considerable
uncertainty in our estimates, but demonstrated that female Mallards established home ranges
with greater proportions marsh ('= 0.42, 85% CI = 0.17 - 0.68), graminoid fen ('= 0.22, 85%
CI = 0.02 – 0.39), and well pads ('= 0.55, 85% CI = 0.17 - 0.82), and avoided areas with
greater proportions of forests ('= -0.65, 85% CI = -1.14 to -0.05; Figure 2.4).
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Figure 2.3 - Coefficient estimate plots for fixed effect covariates summarized at the 1430m
spatial scale in the top ranked second order selection model for female Mallards breeding in
the western boreal forest of Alberta, Canada during the 2019 breeding period. Error bars
represent 85% confidence intervals.
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Table 2.3 - Non-nested fixed and mixed effects resource selection functions, respectively, for
second and third order for female Mallards breeding in the boreal forest of Alberta, Canada
during the 2019 nesting season. Model sets represent non-nested competing models within 1
ΔAICc (second order) and 2 ΔAICc (third order) of the top ranked model.
Model

K

LL

ΔAICca

wi

5

-61.22

0.00

0.18

4

-62.28

0.11

0.17

4
6

-62.47
-60.70

0.50
0.96

0.14
0.11

15

-37393.50

0.00

0.65

14

-37395.14

1.28

0.35

2nd Order
Graminoid Fen + Marsh + Forests + Wells
Marsh + Forests + Pipelines
Marsh + Forests + Wells
Graminoid Fen + Marsh + Open Water +
Treed Peatland + Wells
3rd Order
Swamp + Graminoid Fen + Marsh + Open
Water + Shrub Swamp + Treed
Peatland + Forests + Borrow Pits +
Distance to Pipeline + Distance to
Roads + Harvest Areas + Industrials
+ Wells
Swamp + Graminoid Fen + Marsh + Open
Water + Shrub Swamp + Treed
Peatland + Forests + Borrow Pits +
Distance to Pipeline + Distance to
Roads + Harvest Areas + Wells
a

Lowest AICc score for second = 133.57 and third = 74817.00 order resource selection
functions
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Figure 2.4 - Predicted effects of land use and land cover covariates on second order habitat
selection for female Mallards breeding in the western boreal forest of Alberta, Canada during
the 2019 nesting period. Plots represent the response from female Mallards to predictor
variables. Shaded areas represent 85% confidence intervals. Circles across the top represent
the distribution of used home ranges, and circles across the bottom represent the distribution
of available home ranges. The size of each circle is representative of the relative home range
size, and highlights the influence that home range size has on the predictor variables. Points
have been jittered and made translucent for visualization purposes.
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2.4.2 Third Order Selection

Our top ranked third order selection model included all land cover and land use covariates
from our global model, except distance to seismic line (Figure 2.5). There was one competing
model in our candidate set within 2 ΔAICc which excluded industrials and distance to seismic
lines (- ).The remaining models included non-nested combinations of the top covariates that
were > 14 ΔAICc, and they were not considered. Breeding female Mallards selected habitats
with greater proportions of shrub swamps ('= 0.35, 85% CI = 0.33 - 0.37), graminoid fens ('=
0.30, 85% CI = 0.28 - 0.315), and marshes ('= 0.69, 85% CI = 0.66 - 0.71); and avoided
habitats with greater proportions of open water ('= -0.49, 85% CI = -0.52 to -0.46), swamp
('= -0.20, 85% CI = -0.22 to -0.18), treed peatland ('= -0.31, 85% CI = -0.34 to -0.28) and
forest ('= -0.13, 85% CI = -0.16 to -0.10; Figure 2.6). Female Mallards also selected habitats
with greater amounts of wells ('= 0.16, 85% CI = 0.15 - 0.17 and borrow pits ('= 0.46, 85%
CI = 0.44 to 0.48), and avoided areas with greater amounts of harvest areas ('= -0.10, 85% CI
= -0.11844760 -0.083987587), industrials ('= -0.018, 85% CI = -0.034 to -0.0035), and
increasing distance from roads ('= -0.13, 85% CI = -0.16 to -0.094) and pipelines ('= -0.17,
85% CI = -0.23 to -0.11; Figure 2.7).
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Figure 2.5 - Coefficient estimate plots for fixed effect covariates summarized at the 45m scale
in the top ranked third order selection model for female Mallards breeding in the western boreal
forest of Alberta, Canada during the 2019 nesting period. Error bars represent 85% confidence
intervals. Variables were summarized using a 45 m buffer.
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Figure 2.6 - Predicted effects of land cover covariates on third order habitat selection for
female Mallards breeding in the western boreal forest of Alberta, Canada during the 2019
nesting period. Plots represent the response from female Mallards to land cover predictor
variables. Shaded areas represent 85% confidence intervals. Circles across the top represent
the distribution of used locations, and circles across the bottom represent the distribution of
available locations. Points have been jittered for visualization
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Figure 2.7 - Predicted effects of land use covariates on third order habitat selection for female
Mallards breeding in the western boreal forest of Alberta, Canada during the 2019 nesting
period. Plots represent the response from female Mallards to land use predictor variables.
Shaded areas represent 85% confidence intervals. Circles across the top represent the
distribution of used locations, and circles across the bottom represent the distribution of
available locations. Points have been jittered for visualization purposes.
2.4.3 Habitat Mapping

Our fixed-level second (Figure 2.8A) and third order (Figure 2.8B) habitat maps displayed
the spatially predicted relative probability of selection and avoidance at each individual
hierarchical level. Our scale-integrated map (Figure 2.8C) represented the integrated relative
probability of selection and avoidance. Finally, our change-in-rank map (Figure 2.8D)
displayed the spatially predicted relative probability of selection and avoidance at the second,
third, and both orders of selection.
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Figure 2.8 - Predicted probability of second (A) and third order (B) selection for female
mallards during the breeding period in the western boreal forest of Alberta, Canada. These
maps were generated using our top resource selection functions. We combined these maps to
generate a scale-integrated prediction of habitat use by female Mallards (C) and a hierarchical
ranked map of important habitats that are distinct or shared between second and third orders
(D). For the quintile ranks, 1 indicates a low relative probability of selection and 5 indicates a
high relative probability of selection.
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2.5 Discussion
We quantified the effects of land cover and land use on the second and third orders of habitat
selection (Johnson 1980, Meyer & Thuiller 2006) in boreal breeding female Mallards. In
addition, we produced spatial predictions of important habitat for female Mallards during the
breeding season at fixed spatial scales and across hierarchical levels. At the second order,
breeding females demonstrated preference (Beyer et al. 2010) for marshes, graminoid fens,
and well pads, and avoidance of forests. These covariates were included in our top model,
though their effect was minimal given the uncertainty in coefficient estimates (Figure 2.3) and
the large number of competing models within 2 ΔAICc. We observed the same effects of these
variables and others at the third order. Breeding females selected shrub swamps, marsh,
graminoid fens, wells, and borrow pits that were close to roads and pipelines; but avoided
forests, treed peatlands, open water, swamps, harvest areas, and industrials (Figure 2.6, Figure
2.7). Contrary to our expectations, female Mallards did not avoid all industrial development
when establishing home ranges or selecting habitat within their home range. Additionally, we
revealed that land cover and land use influenced breeding female Mallard habitat selection
across the hierarchical orders, such that fine-scale coefficient estimates at the third order were
more precise than coarse-scale estimates at the second order. Most notably, the relationships
highlighted the importance of investigating habitat selection across multiple hierarchal levels
(Boyce 2006, DeCesare et al. 2012, Holbrook et al. 2017, Zeller et al. 2017) for volant species
with highly variable annual cycles (Beatty et al. 2014b).
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2.5.1 Habitat Selection

Breeding ducks arriving in Canada’s western boreal forest encounter a myriad of lakes and
wetland complexes that provide excellent breeding habitat (Foote & Krogman 2006, Slattery
et al. 2011, Prairie Habitat Joint Venture 2014, Dyson 2020, Singer et al. 2020). Female
Mallards responded to land cover and land use features when establishing a breeding home
range at the second order (Figure 2.4), selecting marsh, graminoid fen, and borrow pits, while
avoiding forest. At this level of selection, there were a large number of models within Δ2 AIC
of the top model and the error associated with the covariate estimates approached zero. These
patterns indicated that models at this order were not as discriminatory as those at the third
order. Since the strength of habitat selection depends on the distribution of available sites, we
suggest the most plausible explanation for the observed model uncertainty is that our study
area provides abundant potential home range areas for breeding ducks (Prairie Habitat Joint
Venture 2014), and we suspect that much of the habitat we considered ‘available’ would also
provide adequate habitat for breeding female Mallards.
Wetlands are ideal habitat for breeding ducks (Kantrud & Stewart 1977, Cowardin & Golet
1995, Beatty et al. 2014a, Bartzen et al. 2017, Kemink et al. 2020). In our study, we considered
five different wetland types including marsh, graminoid fens, shrub swamps, swamps, and
treed peatlands (Table 2.1). Our third order results demonstrated variation in the strength and
direction of selection coefficient estimates across these wetland types. Marsh was a grouped
variable (Table 2.1), which characterized the transition zone between shrub swamp, graminoid
fen, open water areas, and forests (Smith et al. 2007). Female Mallards selected marsh habitat
across scales and these results were consistent with (Dyson 2020) who demonstrated boreal
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ducks selected nest sites with greater marsh cover within 300 m of the nest. This is likely
attributed to the foraging, resting, and nesting opportunities that marshes provide for ducks
(Pearse et al. 2012, Beatty et al. 2014b, Stafford et al. 2016). Female Mallards also selected
for graminoid fen land cover across levels. Since graminoid spp. (e.g., grasses, sedges, rushes)
are considered important nesting vegetation for boreal ducks (Dyson et al. 2019), the habitat
characteristics of graminoid fens (Smith et al. 2007) may provide females with ideal breeding
habitat in our study region.
Within home ranges, we observed selection for shrub swamps and avoidance of swamps
(Figure 2.6). Selection for shrub swamps is consistent with the limited available research;
however, the avoidance of swamps was surprising given previous research that suggested
ducks settling in the eastern boreal forest prefer wetlands with swamp peripheries (Lemelin et
al. 2010). In terms of nest site selection in the region, nesting ducks exhibited a scale-dependent
response and avoided swamps at coarse scales, but selected swamps at fine spatial scales
(Dyson 2020). We suspect that shrub swamps provided forage opportunities (Straub et al.
2012) and dense vegetative cover for concealment. Avoidance of swamps was likely attributed
to the standing woody vegetation (Smith et al. 2007) that may benefit predators, increasing the
risk for breeding females (Simpson et al. 2007).
We observed avoidance of treed peatlands by breeding female Mallards (Figure 2.6). We
suspect that avoidance is likely due to the lack of nesting habitat (Dyson et al. 2019, Dyson
2020). In addition, we documented avoidance of forest habitats at both the second and third
order, which is consistent with previous research (Boyer et al. 2018, Dyson 2020). Dyson et
al. (2020) identified important duck predators in the boreal, and given their species ecology,
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we suspect that avoidance of forests and other treed habitats (e.g., treed peatlands, swamps;
Dyson 2020) could be driven by greater predation pressure within these habitats.
Open water areas are important for breeding ducks (Yerkes 2000, Fast et al. 2004, Roy
2018), though evidence suggests that breeding Mallard pairs avoid using open water areas in
lakes (total area > 8ha) and wetlands (< 25% standing vegetation) when settling in boreal
regions (Lemelin et al. 2010). Similarly, breeding ducks also avoid nesting in areas with greater
open water coverage (Dyson 2020). These findings are consistent with ours, such that we
observed avoidance of open water within the breeding home range. During the breeding period,
ducks are reliant on vegetation and protein sources (Fast et al. 2004, Straub et al. 2012, Stafford
et al. 2016) and prefer sheltered waterbodies, but switch to open water areas during brood
rearing (Yerkes 2000, Fast et al. 2004, Roy 2018). Avoidance of open water and selection of
wetlands (e.g., marsh, shrub swamp, and graminoid fen) indicated that females selected small,
productive waterbodies during the breeding season, which is consistent with other literature
(Gilmer et al. 1975, Batt et al. 1992, Krapu et al. 1997, Dyson 2020).
There is limited support to suggest that ducks are negatively affected by industrial
development during nesting and brood rearing (Ludlow & Davis 2018, Roy 2018, Kemink et
al. 2019, Dyson 2020, Skaggs et al. 2020). However, it is likely that industrial development
features vary in their influence. Borrow pits and well pads are abundant industrial features on
the landscape in our study area. Ducks commonly use borrow pits (R Johnstone pers. obs.),
and evidence suggests that nesting ducks select nest sites with greater proportions of borrow
pits in close proximity (Dyson 2020). However, Skaggs et al. (2020) reported that prairie ducks
may be avoiding nesting in habitats with high densities of wells, while Singer et al. (2020)
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found no effect of wells on settling patterns in the boreal. We observed selection for borrow
pits, which is unsurprising; though females also selected well pads. We believe borrow pit
selection is associated with stable habitat conditions (e.g., vegetation, water levels) that mimic
natural wetlands (Bendell-Young et al. 2000, Fast et al. 2004, Gurney et al. 2005, Kuczynski
& Paszkowski 2010, 2012), while well pad selection may be associated with the earlysuccessional vegetated peripheries that may provide nesting habitat for ducks (Emery et al.
2005, Ludlow & Davis 2018, Dyson et al. 2019). We could not separate active and inactive
wells, thus selection for these categories is indiscernible. This warrants future research that
explores how well pad activity (e.g., active vs inactive); and, well pad and borrow pit site
characteristics (e.g., biotic communities, size, depth, forage) influence fine-scale breeding
habitat selection.
In our study, females also avoided industrial block features (e.g., industrials, harvest areas)
within their home range. Boreal ducks will avoid nesting in areas with greater proportions of
industrial sites within 1000 m of a nest (Dyson 2020). This may be attributed to industrial noise
and human activity at these features (Habib et al. 2007, Francis et al. 2009, 2011, Shonfield &
Bayne 2017). Forestry is another major industry in the western boreal forest (Foote & Krogman
2006, Wells 2011, Prairie Habitat Joint Venture 2014), and contrary to previous research
(Lemelin et al. 2007), females in our study avoided harvest areas within their home ranges.
Mammalian boreal duck predators (Dyson et al. 2020) are positively associated with increasing
industrial footprints (Dyson 2020), and forest edges promote predator activity (PasitschniakArts et al. 1998, Flaspohler et al. 2001, Ball et al. 2008); therefore, ducks may be avoiding
industrial sites and harvest areas due to increased predation risk.
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Linear features (e.g., roads and pipelines) are narrow cutlines that result in limited habitat
loss, but create extensive edge habitats in forested landscapes (Rich et al. 1999, Degregorio et
al. 2014, Mumma et al. 2019, Dickie et al. 2020). Isolating the individual effects of linear
feature can be difficult due spatial correlation, and their dissimilar biological functionality
(e.g., travel corridors or travel obstructions; Degregorio et al. 2014, DeMars & Boutin 2017,
Dickie et al. 2017, 2020, Mumma et al. 2019). Recent literature quantified the effects of roads
and pipelines on ducks breeding in the western boreal and suggests they avoid settling and
nesting in areas with greater densities of pipelines (Dyson 2020, Singer et al. 2020), but select
nest sites with greater densities of roads (Dyson 2020). Consistent with current literature,
females selected habitats in close proximity to roads (Figure 2.7). Many potential predators
avoid paved roads (Pasitschniak-Arts et al. 1998, Tucker et al. 2018), consequently increasing
the probability of duck nest and offspring survival (Roy 2018, Dyson 2020, Skaggs et al. 2020).
Thus, paved roads may serve as a predator refugia for breeding ducks. Contrary to current
boreal duck research, and inconsistent with our expectations, females also selected habitats
close in proximity pipelines. Vegetation regrowth on pipelines is restricted, and they can act
as travel corridors for predators (Slattery et al. 2011, Mckenzie et al. 2012, Degregorio et al.
2014, Dickie et al. 2017, 2020), potentially providing easier access to previously secluded
breeding habitats; though, the attractive features of proximity habitats associated with pipelines
is unknown. Thus, we are uncertain of an explanation regarding the nature of the relationship
between ducks and pipelines. Future research should investigate additional characteristics of
pipelines (e.g., vegetative communities, stage of regrowth) and their spatial association with
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breeding habitats, which may help clarify the relationship with boreal breeding ducks at finer
spatial scales.
2.5.2 Predictive Mapping

Habitats that support large numbers of waterfowl annually should be the focus of duck
habitat conservation initiatives (Doherty et al. 2015, Janke et al. 2017, Kemink et al. 2020);
therefore, the western boreal forest should be a priority for waterfowl managers. We generated
four landscape-scale maps that represent spatial predictions of our top models to identify
female Mallard breeding habitat in the western boreal forest (Figure 2.8). Our spatially
predictive maps offer a suite of applications depending on the extent and resolution of
management. Our second (Figure 2.8A) and third (Figure 2.8B) order maps are useful for
identifying important habitats at coarse (1430m2) and fine (45m2) spatial scales, respectively.
Our scale-integrated habitat map (Figure 2.8C) is useful for identifying the most important
habitat (i.e., Ranks 4 and 5) across spatial scales. Similarly, our change-in-rank map (Figure
2.8D) can be used to identify the general importance of habitat at and across scales. Our maps
are valuable management tools (DeCesare et al. 2012, Fedy et al. 2014, Morris et al. 2016,
Holbrook et al. 2017) that provide reference for boreal breeding female Mallard habitat
prioritization; however, their application beyond Mallards will require species-specific
refinements given the generalist behaviour of Mallards (Sauter et al. 2012, Kleyheeg et al.
2017).
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2.6 Summary
By assessing habitat selection across multiple hierarchical levels, we quantified the
behavioural process of habitat selection (Johnson 1980, Boyce 2006, Meyer & Thuiller 2006)
and produced spatial predictions of important habitat for female Mallards during the breeding
period. Contrary to expectations, female Mallards do not avoid all industrial development. In
addition, the increased precision of our coefficient estimates from the second to third order
suggests stronger selection behaviour at the smaller spatial scale, and imply that current levels
of industrial development still allow for the establishment of breeding home ranges in our
region. We recommend that conservation initiatives focus on habitats with greater proportions
of shrub swamp, marsh, and graminoid fens. Further focus should be placed on marsh habitat,
as this is also an important variable in nest site selection (Dyson 2020). Indeed, there is also
ample opportunity for additional research in this region. Based on our results, we suggest
exploring the relationships between selection and fine-scale habitat characteristics of wetland
communities (e.g., invertebrate and vegetation communities, vegetative community structure)
and important industrial features (e.g., well pads and borrow pits) and linear features (e.g.,
roads and pipelines) across other species of breeding ducks. Overall, our research addressed
important questions concerning behavioural responses of ducks to changes in habitat structure
during the breeding season, and elucidated the effects of industrial development on habitat
selection in boreal breeding female Mallards. Industrial development in Canada’s western
boreal forest is expected to continue, therefore our research may be a valuable tool for
identifying and conserving vital breeding duck habitats, while also serving as an example for
future breeding habitat selection studies in the boreal forest and other breeding regions.
56

Chapter 3: Multi-scale Landscape Effects on Incubation Behaviour in
Boreal Nesting Ducks
3.1 Overview
Incubation plays a crucial role in embryonic development and influences nest and adult
survival in birds. Among most North American duck species, only females incubate eggs and
therefore face a tradeoff between self-maintenance and incubation. These patterns of
attendance represent incubation behaviour and are influenced by various external factors that
can affect the overall fitness of females and their offspring. However, we are lacking a
thorough understanding of how habitat structure and composition affects incubation behaviour.
We measured incubation recess frequency, duration, and incubation constancy in four groundnesting duck species across a gradient of natural resource development in the western boreal
forest of Alberta, Canada. We then examined the effects of land cover, land use (i.e., industrial
development), and weather on the variation in incubation behaviour using generalized linear
mixed-effect models. To quantify incubation patterns, we developed a behaviour identification
method using a combination of observer-mediated changepoint analyses and generalized
additive models. Average daily recess frequency for all species was 2.81 ± 0.251 (!̅ ± SE)
breaks per day with an average break duration of 3 hours (183.49 minutes ± 29.52). Across
species, individuals spent on average 67% (0.67 ± 0.038) of their day incubating. Daily recess
frequency was positively correlated with secondary roads (e.g., winter roads, trails,
unmaintained roads), overhead cover at the nest site, marsh habitat, and air temperature. Recess
duration was positively correlated with average air temperature; and incubation constancy was
negatively correlated with average air temperature and overhead cover . Our results suggested
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that incubating females take more recesses per day in response to increased land cover, land
use, and weather; and adjust the duration of recesses and incubation constancy in response to
warmer weather. Our research yields baseline information regarding incubation behaviours of
boreal ducks, and quantified the effects of habitat structure and composition on incubation
behaviour in ground nesting ducks in the western boreal forest using a new quantitative
approach.
3.2 Introduction
Nest attendance plays a crucial role in avian reproductive success (White & Kinney 1974,
Afton & Paulus 1992) by maintaining temperatures within a narrow range promoting optimal
embryonic development (Prince et al. 1969, Webb 1987, Manlove & Hepp 2000, Hepp et al.
2005, Hepp & Kennamer 2012). Prolonged period of active incubation also results in faster
development rates and healthier, more viable offspring while reducing the risk of nest
depredation (Afton & Paulus 1992, Hepp et al. 2006, Durant et al. 2013, Carter et al. 2014,
Croston et al. 2020). However, maintaining incubation temperatures for embryonic
development is energetically costly (White & Kinney 1974, Tinbergen & Williams 2002,
Durant et al. 2013, Ringelman & Stupaczuk 2013, Croston et al. 2020), therefore, incubating
individuals face a tradeoff between competing requirements of incubation and selfmaintenance (Brown & Fredrickson 1987).
Incubation behaviour varies widely across duck species, linked to life history traits. Ducks
exhibit various incubation strategies (Afton & Paulus 1992, Hepp et al., 2006), including the
energetically demanding uniparental or female-only incubation, which emphasizes the stark
tradeoff between nest attendance and self-maintenance (Johnson et al. 1999, Cockburn 2006).
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The incubating female receives no assistance from the male parent in the form of food
provisioning or predator vigilance while foraging (Fedy & Martin 2009). Thus, the incubating
female must meet her own metabolic needs through resource allocation strategies whereby the
female passively relies on limited endogenous reserves, or intermittent foraging bouts for
compensatory supplementation to meet the nutritional requirements of incubation (Ankney
1984, Jönsson 1997, Langin et al. 2006, Houston et al. 2007, Stephens et al. 2009).
Compensatory foraging results in characteristically similar inattentive periods when females
leave the nest to replenish energy reserves (Croston et al. 2020), producing a highly variable
incubation pattern (Skutch 1957, 1962, Manlove & Hepp 2000). These behaviours are
quantifiable and can provide valuable insight into extrinsic factors that influence incubation
and reproductive success.
Given the importance of nest attendance for reproductive success, there is a long history of
research investigating patterns of attendance (i.e., sessions and recesses; Baldwin & Kendeigh,
1927, Skutch 1962) and constancy of incubation (Skutch 1962). These patterns have been
described in ducks (Skutch 1957, White & Kinney 1974, Afton & Paulus 1992, Deeming 2002)
and highlight the significance of incubation temperature for embryonic development (Prince
et al. 1969, Batt & Cornwell 1972, Webb 1987, Hepp & Kennamer 2012, Durant et al. 2013),
and the physiological demands of incubation on the attending parent (Korschgen 1977,
Tinbergen & Williams 2002, DuRant et al. 2013). The extrinsic effects of factors such as
weather (Afton 1980, Croston et al. 2020, Setash et al. 2020), food availability (Maccluskie &
Sedinger 1999, Bentzen et al. 2010), and depredation (Ringelman & Stupaczuk 2013, Croston
et al. 2018a) on attendance patterns in ducks have also been well documented, and results vary.
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Remarkably though, few studies have investigated the effects of habitat structure and
composition on incubation, and no one has explored these effects at the macro (i.e., home
range) and micro (i.e., nest site, home range) spatial scales. Furthermore, we do not know how
industrial development might affect incubation patterns. Given that habitat characteristics
influences duck nest site selection (Dyson et al. 2019, Dyson 2020) across multiple scales, and
industrial development alters predator-prey dynamics (Abrams & Ginzburg 2000, Dickie et al.
2017, 2020, Muhly et al. 2019, Mumma et al. 2019), exploring the effects of habitat structure
and composition may reveal the mechanisms that influence incubation behaviour in boreal
ducks.
It is difficult to obtain accurate data on incubation patterns and nest attendance (Ringelman
& Stupaczuk 2013) because it requires constant monitoring of the nesting individual (Croston
et al. 2018b) which can be detrimental to both the incubating hen and nests (Korschgen &
Dahlgren 1992, Esler & Grand 1993, Olson & Rohwer 1998, Bolduc & Guillemette 2003).
Several solutions exist including the use of temperature sensors placed in the nest to infer the
presence or absence of a hen (Afton 1980, Flint & Maccluskie 1995, Loos & Rohwer 2004,
Bentzen et al. 2010, Croston et al. 2020), visual identification of the hen's attendance behaviour
using cameras (Hoover et al. 2004, Croston et al. 2018b, a, Setash et al. 2020), or the use of
radio telemetry (Ringelman et al. 1982). Each of these approaches and their variations, of
course, come with concomitant tradeoffs. For example, false eggs with temperature probes
accurately measure incubation temperatures experienced by eggs (Flint & Maccluskie 1995),
but the addition of one egg can increase energetic demands for incubating females (Durant et
al. 2013). The use of simple temperature sensors that do not involve the addition of a false egg
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is less invasive and has been used to track nest attendance behaviour in various avian species
(Cooper & Mills 2005, Schneider & Mcwilliams 2007, Fedy & Martin 2009, Dallmann et al.
2016). The use of cameras may act as a visual cue for potential nest predators and are often
inefficient for documenting ground nesting species because nest activity can be challenging to
document through dense ground vegetation (DeGregorio et al. 2016, Weston et al. 2017).
In addition to considering trade-offs in data collection, the high volume of data required to
accurately identify incubation rhythms requires that researchers also consider trade-offs in
terms of data processing. In both temperature sensor and camera approaches, nest attendance
is regularly classified using manual identification of recesses through visual inspection of
videos or photographs from cameras (Manlove & Hepp 2000, Hoover et al. 2004, Loos &
Rohwer 2004, Dallmann et al. 2016, Setash et al. 2020), or visual inspection of variation in
temperature data (Bentzen et al., 2010; Hepp et al., 2005). It can be difficult to accurately
differentiate between incubation recesses using temperature data alone due to the high
sensitivity of the sensors that can result in indistinct temperature fluctuations. Additionally,
using only visual inspection can be time-consuming, especially with large datasets; and leads
to concerns regarding objectivity, replicability, and internal validity if multiple researchers are
involved (Hoover et al. 2004, Schneider & Mcwilliams 2007, Capilla-Lasheras 2018). Several
temperature data processing approaches have been developed to help address some of these
concerns; however, they can be cumbersome with large datasets (Capilla-Lasheras 2018);
depend upon specialized software (Cooper & Mills 2005), or a priori knowledge of species
incubation temperatures and behaviour to establish required temperature thresholds used for
the identification of incubation recesses (Croston et al. 2018c). Therefore, an approach that is
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capable of processing high volume temperature data in open access software, is replicable,
applicable to novel species and environments, and identifies incubation recesses in highly
variable temperature data would prove useful for quantifying incubation behaviour.
Our study was located in the western boreal forest of Canada. This area is an ideal landscape
for exploring incubation behavior in ducks for several reasons. First, despite its importance to
North American duck populations (Slattery et al. 2011), we know relatively little about the
basic life history of ducks in the boreal region compared to ducks in prairie and arctic
ecosystems. Additionally, the landscape has recently experienced considerable industrial
development (Fahrig 2003, Slattery et al. 2011, Steffen et al. 2011, Wells 2011, Hebblewhite
2017, Fisher & Burton 2018) and resource exploration and infrastructure, such as road
networks and extraction sites, that has resulted in extensive landscape alterations (Wells 2011,
Hebblewhite 2017) and fragmented the boreal habitat (Schmiegelow & Mönkkönen 2002,
Fahrig 2003, Fisher & Burton 2018). Finally, anthropogenic alterations to the landscape benefit
predator communities (Degregorio et al. 2014) by facilitating movement (DeMars & Boutin
2017, Dickie et al. 2017, 2020, Finnegan et al. 2018) and increasing their efficiency in
capturing prey (Abrams & Ginzburg 2000, Muhly et al. 2019, Mumma et al. 2019). Since nest
survival is not negatively affected by industrial development in this region (Dyson 2020),
investigating the multi-scale effects of habitat structure on incubation attendance may elucidate
the adaptive behaviours adopted by nesting females in response to increased predator activity.
The goals of our research were to describe the patterns of incubation for multiple species of
ground nesting ducks, and assess the effect of important macro and micro habitat
characteristics that influence nest site selection (Dyson et al. 2019, Dyson 2020) on incubation
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patterns. We developed an efficient and replicable approach for processing high volume
temperature data obtained from common and affordable temperature sensors using standard
analysis software (e.g., R) to identify incubation sessions and recesses and address the gaps in
our notions of life history and ecological processes of incubation. We examined incubation
attendance in four ground-nesting species of ducks across a gradient of industrial development
in the western boreal forest of Alberta, Canada during the 2017 and 2018 breeding seasons.
We hypothesized that land cover, land use, and weather would affect incubation attendance.
More specifically, we predicted that nesting habitats with greater amounts of linear features
(e.g., seismic lines, primary and secondary roads) and industrial block features (e.g.,
industrials, wells) would result in shorter and more frequent incubation breaks due to
avoidance of increased predator and industrial activity. We also predicted that increased
amounts of marsh habitat within proximity to the nest would result in shorter, more frequent
incubation breaks due to increased accessibility of foraging habitat. Additionally, increased air
temperatures and nest site concealment (i.e., lateral and overhead cover) would increase the
number of breaks taken and prolong the time females spent off the nest due to reduced risk of
embryonic shock and detection of the nest. Finally, we predicted no effect of land cover or
land use variables on incubation constancy as hens would adjust frequency and duration
behaviours to maintain nest microclimates, but warmer weather would decrease incubation
constancy due to reduced need for nest microclimate regulation.
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3.3 Methods
3.3.1 Study Area

Our study area was located within the western boreal forest of Alberta, Canada, north of
Slave Lake and south of Red Earth Creek, within ~ 100km radius of Utikuma Lake (Figure
3.1). Upland habitats included mixed-wood, deciduous dominated forests that consist primarily
of Trembling Aspen, Balsam Poplar, White Spruce, and Jack Pine. Lowland habitats were
characterized by conifer dominated forests, consisting primarily of Black Spruce, and multiple
wetland communities. In the boreal forest, terrestrial and aquatic communities are regularly
influenced by large scale natural disturbance such as wildfire and insect outbreaks
(Schmiegelow & Mönkkönen 2002, Carlson et al. 2015, Thom & Seidl 2016). The western
boreal forest has also experienced an increased demand for natural resources (oil and gas, and
forestry), which adds to the existing anthropogenic footprint (Schmiegelow & Mönkkönen
2002, Slattery et al. 2011, Wells 2011, Pasher et al. 2013). We selected study sites that
represented the natural landscape and anthropogenic disturbance gradients by incorporating
development intensities based on cumulative energy development and land cover
characteristics. In addition, we considered regional duck density estimates (Ducks Unlimited
Canada, 2014) and site accessibility. We did not consider any sites that experienced wildfire
or logging activity within 20 years. More details on study site selection and description can be
found in Dyson et al. (2019).
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Figure 3.1- Map of study area in the Slave Lake Region of Alberta, Canada. Points indicate
study site locations where nests were located and are categorized by the cumulative extent of
industrial development (low: ▼, medium: ■, high: ▲). The inlay indicates the location of
the study area relative to the province of Alberta and Canada.
3.3.2 Nest Searching

We searched for nests at 24 sites in 2017, and 25 sites in 2018 on a 3-week rotation (15–25
days) between 08:00 and 16:00. We conducted nest-searches on foot with a 'willow switch' (~
1.2 m willow branch) to disturb vegetation and increase the probability of flushing an
incubating female (Klett et al. 1986). The searching process involved 3–6 technicians walking
in unison around wetlands ~ 5–20 m apart and parallel with the shore. In 2018, we piloted the
use of transmitters in addition to nest searching and located three Mallard nests using radio
telemetry. At each nest, we identified the species, recorded the number of eggs, and estimated
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the incubation stage using a combination of egg candling and floating (Weller 1956). We
recorded nest site variables including lateral and overhead cover, which were measured within
5 days of a nests predicted or actual hatch date (McConnell et al. 2017). We estimated overhead
cover of nest bowl vegetation using a 12.5 x 12.5 cm grid with individual 2.5 x 2.5 cm squares
from 120 cm above the nest bowl (Guyn & Clark 1997, Borgo & Conover 2016, Dyson et al.
2019); and lateral cover using a Robel pole (Robel et al. 1970, Nudds 1977, Dyson et al. 2019).
For a complete description of nest searching and vegetation sampling methods, see (Dyson et
al. 2019).
3.3.3 Nest Temperature Recording

We recorded nest bowl temperatures using Maxim Integrated iButton® temperature
datalogger (Maxim Integrated Products Inc., San Jose, CA, USA; Model Number DS1921GF5; hereafter iButton) from date of nest discovery until termination at 5-minute intervals. We
sampled up to 30 nests of upland nesting ducks each year using iButtons. To optimize the
spatial distribution of our nest bowl temperature samples, we opportunistically placed iButtons
in a limited number of nests to avoid oversampling a site with iButtons. We attached iButtons
to 5.8 cm roofing nails using silicone and pressed iButtons into the ground through the bottom
of the nest bowl making sure the iButton was slightly protruding above the nest bottom and in
contact with the eggs (Ringelman & Stupaczuk 2013). We replaced iButtons on a 7-10-day
schedule during regular nest monitoring activities and chose the 5-min interval to ensure we
did not exceed the internal storage capacity of the iButton between monitoring events. The
location of the iButton meant that temperatures recorded were not indicative of true incubation
temperatures experienced by eggs, but served as an accurate index of nest microclimate
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(Fawcett et al. 2019) which we used to identify incubation sessions and recesses (Ringelman
& Stupaczuk 2013).
3.3.4 Data Processing and Recess Detection

We uploaded temperature data from each iButton using Maxim’s iButton Blue Dot

TM

receptor (Model DS1402D-DR8) and OneWireViewer software (Maxim Integrated Products
Inc., San Jose, CA, USA). This produced files for each iButton which included a unique
identifier, date, time, and temperature records for the predefined time intervals. We replaced
iButtons during nest monitoring, therefore, most nests had data contributed from multiple
iButtons. We referred to these unique iButton temperature time series within nests as
"segments". As a precaution, we trimmed all temperature time series using deployment and
removal dates to ensure temperatures recorded during transport were not included. We
processed all temperature time series data using a four-step approach including: 1) trim the
temperature time series data using a changepoint analyses to isolate the incubation period, 2)
smooth incubation rhythms using generalized additive models to better represent the cyclic
pattern of the data, 3) identify sessions and recesses using peak and trough identification and
variation in temperature change to estimate the duration and patterns of incubation attendance,
and 4) a final “heads-up” visual refinement of incubation rhythms to ensure accurate and
precise quantification of incubation patterns. Our approaches to each step are outlined below.
We trimmed the raw temperature data to identify behavioral changes (e.g., laying,
incubating, termination) in our temperature times series and restrict the data to the incubation
periods. We identified changepoints based on the raw temperatures for each nest segment using
the pruned exact linear time (PELT) algorithm (Killick et al. 2012) with a manual penalty of
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2*log(number of temperature records) in the changepoint package (Killick & Eckley, 2014)
for R (R Core Team 2019). This approach allowed us to detect distinct changepoints in the nest
attendance temperature time series (e.g., laying, incubating, termination). We visually
inspected each identified changepoint (Figure 3.2A) and selected the changepoints that
identified the initiation and termination of the incubation period (Figure 3.2B). This resulted
in the removal of segments that did not represent incubation (i.e., laying, abandonment, or
post-termination).
Step two involved smoothing our temperature time series data to better reveal the cyclic
patterns of nest bowl temperatures during incubation. This approach reduced the noise and
helped us efficiently and objectively identify sessions and recesses. We smoothed incubation
rhythms by fitting a generalized additive model (GAM) with a gaussian distribution (Figure
3.2C). We calculated the degrees of freedom used for smoothing by multiplying the length of
the time series for each segment by 0.25. This represented a good trade-off between retaining
the detail in the raw data and identifying the major patterns in the data. All GAMs were fit
using the mgcv (Wood 2011) package for R (R Core Team 2019). All subsequent steps were
implemented on the model-predicted values.
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Figure 3.2 – Process plots highlighting key steps in the ‘heads-up’ analysis for temperature
time series data from a single nest segment. A) Raw temperature data collected from iButton
probes (solid black line) with changepoint locations (hashed line); B) Changepoint adjusted
temperature time series representing the incubation rhythm in the segment; C) 48hr segment
of the model predicted incubation rhythm (bolded gray buffer) with raw incubation rhythm
overlay (dark gray line) and raw temperature records (black points) overlay; D) 48hr portion
of the model predicted incubation rhythm (black line) with over-estimated peaks (▲) and
troughs (▼); E) 48hr portion of the model predicted incubation rhythm (black line) with
threshold-adjusted peaks (▲) and troughs (▼). F) 48hr portion of the model predicted
incubation rhythm (black line) with colour coded sessions (▲) and recesses (▼).
69

Step three required the identification of the start and end of incubation sessions and recesses.
We achieved this goal through the identification of peaks and troughs (local minima and
maxima) which indicated the start and end points of incubation sessions and recesses using
model predicted temperature values and an inflection function. We used a conservative
threshold in the inflection function for the identification of peaks and troughs, intentionally
biasing our data towards Type I errors and identifying all peaks and troughs (Figure 3.2D).
Incubation sessions were indicated by an increase in temperature and recesses were indicated
by a decrease in temperature. A false positive in these types of data represents the identification
of either the beginning or end of an incubation recess or session. Filtering false positives is
commonly completed using a change in temperature (Δtemp) threshold where any temperature
change that is < xºC is not considered a ‘true’ change in the incubation status.
Various thresholds have been reported for recess detection in waterfowl (Manlove & Hepp
2000, Hoover et al. 2004, Loos & Rohwer 2004, Bentzen et al. 2010, Croston et al. 2018b);
however, variation among individuals and species means these thresholds are likely not
appropriate for all temperature data (Loos 1999, Hoover et al. 2004). This is important because
small variations in temperature (e.g., 1ºC) can have dramatic effects on the estimation of the
duration and frequency of incubation sessions and recesses. Rather than choosing an absolute
change in temperature value for all nests and species, and since we are working with model
predicted values, we used the distribution of the model predicted temperature data for each
nest segment to inform the selection of an appropriate value. We calculated the change between
sequential peaks and troughs and refer to these values as the Trend Temperature (TT). For
example, the change in temperature between a peak and trough is assigned a recess Trend
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Temperature (RecessTT), and the change in temperature between that trough and the next
sequential peak is assigned session Trend Temperature (SessionTT). We then used the
distribution of each nest’s specific Trend Temperature (i.e., SessionTT and RecessTT) to set a
nest independent change in temperature value. Our change in temperature value was
determined for each individual nest segment using the standard deviation (SD) of Trend
Temperature in each segment. If the Trend Temperature between adjacent peaks and troughs
was greater than the Trend Temperature SD, we considered it a ‘true’ session or recess. Using
the 'true' peaks and troughs (Figure 3.2E), we filled the gaps with our remaining model
predicted values and assigned behaviour-specific identifiers (Figure 3.2D).
As the final (4th) step, we trimmed nest segments that started or finished with a recess to
the first and last distinct session to remove any recesses caused by technician disturbance or
termination (e.g., hatch, abandonment, depredation). In addition, we removed all nests with £
48 hours of data following session and recess identification.
3.3.5 Analysis
3.3.5.1 Variable Development

We used three daily metrics that describe incubation behavior. Recess frequency was a
count of the incubation breaks (i.e., recesses) taken between 00:00 and 23:59. Recess duration
was measured as the average amount of time a female spent in recess, between 00:00 and 23:59
each day. Incubation constancy was measured as the proportion of time a female spent
incubating (i.e., in session) each day. We calculated daily constancy by dividing the total daily
duration of sessions by the sum of the duration of all sessions and recess for a given day (Skutch
1962). We estimated sunrise/sunset time (05:30–21:30) across the study period and considered
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a recess to have occurred during the day if it took place between 05:30 and 21:30, and at night
if it occurred outside of those hours. We did not always have nest temperature records for an
entire 24-hour period (e.g., date of discovery, memory shortage) but felt it was unnecessary to
remove incomplete days (<24 hours) that were part of complete segments. Therefore, we
included all temperature records for incomplete days during the incubation period and
accounted for varying period lengths statistically. We report means and standard errors for
each metric unless otherwise noted (!̅ ± SE).
To measure effects of habitat on incubation behaviour, we evaluated important nest site
characteristics (e.g., lateral and overhead cover) that influence nest site selection at fine spatial
scales (Dyson et al. 2019). In addition, we developed landscape covariates using spatial layers
that represented land cover (i.e. habitat) and land use (i.e. industrial development) features
known to influence nest site selection at broader spatial scales in the region (Dyson 2020).
Land cover variables were developed from Ducks Unlimited Canada’s Enhanced Wetland
Classification layer (Ducks Unlimited Canada 2011), and include nest site variables. Land use
layers were developed from the Alberta Biodiversity Monitoring Institutes (ABMI) Human
Features Inventory database (ABMI 2017). Polygonal features, such as well pads and pump
stations, represented the percent area within a 30m x 30m pixel; and line features, such as
pipelines and roads, were represented as the sum of the length of each line feature (km) in a
30m x 30m pixel. All land use and land cover covariates were then summarized based on a
1000 m radial buffer with the nest location as the centroid (Table 3.1).
To assess the influence of weather, we paired each nest with local climate data from the
nearest active weather station. We obtained average daily temperature (oC) from the Alberta
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Agriculture and Forestry meteorological station in Marten Hills (-114.5600, 55.5300) accessed
through Alberta Climate Information Service (ACIS) systems.
3.3.5.2 Model development

We modeled the influence of all covariates on each of our three response variables
representing incubation patterns (i.e., frequency, duration, and constancy) using generalized
linear mixed effects models (lme4 package, Bates et al. 2015) in R (R Core Team 2019). We
included important land cover and land use variables identified by the top micro and macro
nest site selection models proposed by (Dyson 2020). Variables were not included in the same
model if Pearson’s r > |0.65|. When we identified highly correlated variables, we selected
individual variables that were the most relevant for exploring our questions and underlying
hypotheses. For example, roads and pipelines in the western boreal are often constructed in
unison and sometimes share the cleared corridors through the dense forest landscape. However,
evidence suggests roads (i.e., primary and secondary) play an important role in boreal duck
nest site selection (Dyson 2020), and primary road (i.e., paved, gravel) densities are positively
correlated with nest survival (Roy 2018, Dyson 2020), thus, we selected roads as a practical
predictor variable. Prior to analysis, we standardized all predictor variables and visually
inspected the species-specific distribution of our response variables using box and whisker
plots to confirm overlap among species and justify the pooling of all species in our data.
Our global model for each of the three response variables incorporated three land cover,
four land use, and one weather covariate as fixed effects (Table 3.1) and a unique nest identifier
as a random effect. Recess frequency data are discrete counts and were fit using a Poisson
distribution with a log link (Zurr et al. 2009). Prior to analysis, we log-transformed recess
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duration to meet the requirements of homoscedasticity (Zurr et al. 2009) and fit models to these
data using a Gamma distribution with an inverse link function (Hardin & Hilbe 2007). The
incubation constancy data were proportional and therefore we fit linear mixed effects models
to these data using a weighted binomial distribution with a logit-link function (Bolker et al.
2009, Zurr et al. 2009, Bates et al. 2015). We weighted observations using the combined daily
duration of sessions and recesses (i.e., daily total) to account for days with < 24 hours of data.
For each response variable, we ranked models using Akaike’s Information Criterion corrected
for small sample size (AICc) and removed nested subsets of the top model that contained
uninformative parameters and present all competing models within 2 ΔAICc scores of the top
model (Arnold 2010). We selected the top ranked model with the lowest ΔAICc score for
interpretation (Burnham & Anderson 2004).
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Table 3.1 – Descriptions and unstandardized ranges for fixed-effect land cover and land use
predictors used in our frequency, duration, and incubation constancy models for four species
of upland nesting ducks in Alberta’s western boreal forest.

Covariate

Scale

Description

Range

Landscape

Land cover - Aquatic Bed, Mudflats,
Emergent, and Meadow Marsh
measured as proportional area (%)

0 – 10

Nest site

Land cover -Nest site measurement
of percent lateral cover from all
cardinal directions represented as
average proportion for all directions
(%)

9.08 – 83.96

Nest site

Land cover -Nest site measurement
of percent overhead cover from 1m
above the nest presented as average
proportion (%)

7.6 – 100

Landscape

Land Use - Maintained roads (i.e.,
paved and gravel roads) measured as
total length (km)

0 – 13.69

Secondary Roads Landscape

Land Use - Unmaintained roads (i.e.,
winter roads and trails) measured as
total length (km)

0 – 3.89

Seismic Lines

Landscape

Land Use - All seismic lines
measured as total length (km)

Landscape

Land Use - Industrial block features
(i.e., camps, facilities, oil and gas
buildings, gas plants etc.) measured
as proportional area (%)

Landscape

Average air temperature for a 24hour period (oC)

Land cover
Marsh

Lateral Cover

Overhead Cover

Land Use
Primary Roads

Industrials

5.81 – 35.07

0–2

Weather
Air temperature
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5.09 – 20.50

3.4 Results
We were able to use iButton data from 29 nests (25% iButton failure rate) including 5
Mallards, 12 Blue-winged Teal (Spatula discors), 5 Green-winged Teal (Aanas crecca), and 7
American wigeon (Mareca americana). Our use of the inflection function to detect peaks and
troughs resulted in a total of 823 recesses across all species and nests. We documented 163
incubation recesses for Mallards and 73% occurred during the day (05:30-21:30). For Bluewinged Teal, we identified 249 recesses, of which 81% were during the day. Data availability
for American Wigeon and Green-winged Teal were similar with 208 and 203 recesses, of
which 67% and 72% were taken during the day, respectively. Approximately 35% of recesses
were detected at night (213 at night and 610 during daylight) across all species (Figure 3.3).
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Figure 3.3 – Density distributions of recess start times during the 24-hour day for four
species of upland nesting ducks in Alberta’s western boreal forest. Shaded areas with
dark bars represent estimated night (21:30-05:30). Individual plot sub-titles indicate
species four letter USGS codes, and n represents the number of nests. Species codes:
AGWT = Green-winged Teal, AMWI = American Wigeon, BWTE = Blue-winged Teal, MALL
= Mallard.
Summary statistics for measures of incubation behaviour varied across species (Table 3.2).
Mean daily recess frequency was the greatest numerically for Green-winged Teal and the
lowest for American Wigeon. The max number of recesses recorded in a single day was 7 in
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Mallards, and 6 in all other species. Mean recess duration was greatest numerically in
American Wigeon. The minimum recess duration we detected was in Blue-winged Teal and
the longest was in American Wigeon. Mean incubation constancy was greatest numerically in
Mallards, and the maximum and minimum incubation constancy we observed within a
complete 24-hour time period was in American Wigeon.
Table 3.2 – Summary of recess frequency, duration, and incubation constancy in four species
of ground nesting duck species in the boreal forest, Alberta, Canada during the 2017-2018
* ± SE.
nesting period. Mean values represent )
All species

Greenwinged
Teal (n=5)

American
Wigeon
(n=7)

Blue-winged
Teal (n=12)

Mallard
(n=5)

Mean

2.81 ± 0.25

3.45 ± 0.29

2.54 ± 0.21

2.62 ± 0.22

2.85 ± 0.27

Max

-

6

6

6

7

Min

-

1

1

1

1

183.50 ±
29.52

163.52 ±
26.16

208.53 ±
42.78

177.29 ±
19.90

178.23 ±
21.47

Max (hrs)

-

25.75

32

15.8

22.5

Min (min)

-

20

25

25

25

Mean

0.67 ± 0.038

0.65 ± 0.036

0.66 ± 0.041

0.67 ± 0.037

0.69 ± 0.036

Max

-

0.871

0.925

0.891

0.883

Min

-

0.035

0.010

0.069

0.066

Frequency

Duration
Mean

Constancy
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Our top ranked recess frequency model included land cover, land use, and weather
covariates (Table 3.3). There were four competing models in our candidate set within 2 ΔAICc
scores. The remaining models were within ~6 ΔAICc scores and included non-nested
combinations of the top covariates. We observed a response by nesting females to secondary
roads (e.g., winter roads, trails, unmaintained roads; Figure 3.5) such that an increase in road
density (i.e., total length) surrounding nests was correlated with an increased number of
recesses taken daily (Figure 3.5). We observed a positive response to overhead cover at the
nest site, suggesting increased overhead cover increased the number of recesses. We also
detected an effect of marsh habitat on daily recess frequency, such that increased marsh habitat
within 1 km of the nest resulted in increased daily recess frequency.
Table 3.3 – Non-nested generalized linear mixed model set for incubation recess frequency,
duration, and constancy in four species of ground nesting duck species in the boreal forest,
Alberta, Canada during the 2017-2018 nesting periods. Model sets represent non-nested
competing models within 2 AICc scores of the top ranked model.
Model

K

Reccess Frequency
Avg. Air Temperature + Marsh + Secondary Roads +
Avg. Overhead Cover
Marsh + Secondary Roads + Avg. Overhead Cover
Avg. Air Temperature + Secondary Roads + Avg.
Overhead Cover
Marsh + Secondary Roads
Secondary Roads + Avg. Overhead Cover

LL

ΔAICca

wi

4 -505.4

0

0.26

3 -506.62
3 -506.
93
2 -508
2 -509.26

0.35
0.98

0.21
0.16

1.06
1.57

0.15
0.12

Recess Duration
Avg. Air Temperature

1 -253.23

0

0.82

Incubation Constancy
Avg. Air Temperature + Avg. Overhead Cover
Avg. Air Temperature

2 -950.85
1 -952.19

0
0.62

0.58
0.42

a

Lowest AICc score for Recess Frequency = 1023.09, Recess Duration = 514.60, and
Incubation Constancy = 1909.82.
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Figure 3.4 – Coefficient estimate plots for fixed effects in the top ranked recess frequency,
duration, and incubation constancy models for upland nesting ducks in the boreal forest,
Alberta, Canada, from 2017-2018. Error bars represent 85% confidence intervals.
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Figure 3.5 – Predicted effects plots for incubation recess frequency, duration, and constancy
in ground nesting ducks in the boreal forest, Alberta, Canada from 2017-2018 nesting periods.
Plots represent the response from ground nesting ducks to predictor variables. Shaded areas
represent 85% confidence intervals.
For recess duration, our best model included only average air temperature and no land cover
or land use covariates (Table 3.3). The next competing model, excluding all nested
combinations, was > 3 ΔAICc scores and was the null model. We observed a positive effect of
average air temperature on recess duration suggesting warmer temperatures resulted in longer
incubation recesses (Figure 3.5).
Our top ranked model in our model set for incubation constancy included average air
temperature and overhead cover, and did not include land use covariates (Table 3.3). Excluding
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all nested combinations, the next competing model was < 1 ΔAICc score and did not include
overhead cover. The remaining model was > 17 ΔAICc scores and was the null model. We
detected a negative effect of average air temperature on incubation constancy (Figure 3.5) such
that females spent a greater proportion of time off the nest during warmer weather (Figure 3.5).
We observed a weak, negative response to overhead cover at the nest site (Figure 3.5),
indicating that increased overhead cover reduced daily incubation constancy (Figure 3.5).
Although, visual inspection of the residuals suggested a weak model fit at the upper and lower
extremes of our or model. In addition, we did not observe any differences across species for
any of our three models.
3.5 Discussion
We described incubation patterns and presented quantified measures of incubation
attendance for ducks nesting in the western boreal forest. Our design and implementation of
the heads-up changepoint analysis and use of GAMs provides an effective, efficient and
reproducible approach to quantifying incubation behaviour from temperature probe data. Our
results provide a valuable baseline for incubation studies in the boreal forest and contribute
new information on boreal waterfowl life histories and ecology. Overall, our findings were
generally consistent with our predictions such that increased amounts of marsh habitat and
greater densities of secondary roads (e.g., winter roads, trails, unmaintained roads) within
proximity to the nest led to increased recess frequencies but did not affect recess duration or
incubation constancy. Inverse to our predictions, recess frequency was positively correlated
with warmer weather (i.e., air temperature); though we did observe a prolongment of recess
durations and reduced incubation constancy, consistent with our predictions. Interestingly, and
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also inverse to our predictions, overhead cover at the nest site and incubation constancy were
negatively correlated. We did not detect an effect of industrial block features on any of our
three incubation behaviour measures.
Previous approaches to quantifying incubation behaviour in ducks often use timeconsuming and costly methods (Hoover et al. 2004, Schneider & Mcwilliams 2007, CapillaLasheras 2018) that require constant observer mediation (Cooper & Mills, 2005) or a prior
understanding of the study species (Croston et al. 2018b). Our heads-up approach provides a
fast, effective, and reproducible method for defining the incubation period and identifying
sessions and recesses using standard statistical software across species. The use of iButtons
offered a cost-effective alternative for accurately recording nest bowl microclimates (Fawcett
et al. 2019) that reduced the amount of observer and equipment disturbance at the nest site
compared to alternative approaches (i.e., false eggs; Durant et al. 2013, Erikstad & Tveraa
1995). A highlight of our approach involves using a flexible temperature threshold based on
the distribution of model predicted nest bowl temperatures that accounted for the inter- and
intraspecies variation, easing concerns regarding applications of thresholds across species
(Loos 1999, Hoover et al. 2004). One limitation of our approach was iButton sensitivity and
the efficiency, which may have hindered our ability to detect the onset of short recesses and
sessions, primarily because ducks insulate their nest with a dense layer of down, potentially
masking minor temperature fluctuations.
Comparison of incubation behaviors across species (i.e., Mallard vs Blue-winged Teal) is
limited by the large variation in waterfowl nesting behaviors (e.g., cavity, upland, over water)
and breeding strategies (i.e., capital and income). However, genetic evidence regarding species
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relatedness (Wilson et al. 2012), breeding strategies and nesting behaviours (Connelly & Ball
1984) suggests that Blue-winged Teal and Cinnamon Teal (A. cyanoptera) do not cohere to
interspecies variation, and therefore it is reasonable to compare measures of incubation across
teal species. Setash et al. (2020) presented patterns for breeding Cinnamon Teal, reporting an
average daily recess frequency of 2.02, with durations ranging from 0.1 – 1.5 hours (6.57 –
96.8 minutes) and an incubation constancy of 0.894. Blue-winged Teal in our study took
comparatively more recesses per day (2.54) with longer recess durations (177 minutes), and
lower incubation constancy (0.67). Within species, previous research on Mallards reported a
daily recess frequency of 1.69 and recess duration of 1.75 – 2.5 hours (106.11 – 155.39
minutes; Croston et al. 2020). Similarly, Ringelman & Stupaczuk (2013) reported a combined
daily recess frequency in Mallards and Gadwall of 1.7, with recess durations of ~3 hours (171
minutes). Our average daily recess frequency for Mallards was 40% higher (2.85); however,
our recess duration in Mallards was similar to the two previous studies at ~3 hours (178.23).
Overall, this suggests that Mallards and Blue-winged Teal nesting in the boreal consistently
took more daily recesses, which were longer for Blue-winged Teal but similar in duration for
Mallards when compared to previous research.
Within species variation in incubation patterns are influenced by several factors including
habitat (Ringelman et al. 1982, Maccluskie & Sedinger 1999, Bentzen et al. 2010). Our results
are consistent with patterns reported for other species in which populations further north tend
to take more incubation breaks. For example, female Northern Shovelers (Spatula clypeata)
took twice as many breaks and had lower constancy at a northern study site in Alaska compared
to those nesting in the south in Manitoba, but recess duration was similar (Maccluskie &
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Sedinger 1999). The measures of recess frequency, duration and incubation constancy that we
report represent ducks in the western boreal forest and indicate that Mallards and teal take more
breaks than their southern breeding conspecifics (Ringelman & Stupaczuk 2013, Croston et al.
2020, Setash et al. 2020). These differences may be further evidence of latitudinal variation in
incubation patterns (Chalfoun & Martin 2007). If consistent, the differences may also represent
behavioural adaptations required to meet the demands of incubation in more northernly
climates such as increased foraging due to food limitations (Maccluskie & Sedinger 1999) and
predator avoidance in response to elevated risk of female mortality (Martin 2002). However,
the exact mechanisms driving this variation would require further examination.
The influence of local ambient temperature have been the focus of many studies because it
influences incubation behavior, such that warmer ambient temperatures are generally
associated with increased recess frequency, longer recess durations, and decreased incubation
constancy within study sites (Afton 1980, Ringelman et al. 1982, Ringelman & Stupaczuk
2013, Croston et al. 2020). Our results were congruent with this previous research and all three
of our top models indicated females took longer, more frequent breaks, and spent less time on
their nest during warmer days. Incubation breaks in ducks often occur during the warmest part
of the day (Brown & Fredrickson 1987) to assist in nest microclimate regulation.
Microclimates can be different between nest sites (Gloutney & Clark 1997), therefore, to
accurately model the effects of ambient temperature on incubation behaviour, future research
may consider recording ambient temperature using additional iButtons outside of the nest bowl
or installing weather stations to report a more localized ambient temperature pattern than we
had available for this research.
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The habitat a species occupies influences all aspects of the individual’s behaviour and
fitness (Block & Brennan 1993, Jones 2001, Kaminski & Elmberg 2014, Boyce et al. 2016).
Incubation behaviour can impact both survival and reproduction, and has been studied for
multiple duck species across North America (Afton 1980, Ringelman et al. 1982, Mallory &
Weatherhead 1993, Maccluskie & Sedinger 1999, Hoover et al. 2004). However, few studies
have quantified the effects of habitat structure on incubation behaviour. Previous research
suggested that microscale (e.g., nest site) habitat characteristics such as overhead cover did not
have an effect on incubation behaviour (Setash et al. 2020). However, we observed a positive
response to overhead cover in our top recess frequency and incubation constancy models;
likely because of the added benefits it provides during incubation (e.g., nest concealment and
microclimate regulation; Fogarty et al. 2017, Gloutney & Clark 1997). Our recess frequency
results are consistent with Zicus (1995), such that females took more recesses when functional
foraging habitat (i.e., marsh) was in close proximity to the nest, presumably to forage (Afton
1979, 1980); however, we did not observe any effect of marsh habitat on recess duration nor
incubation constancy. This may indicate a trade-off between self-maintenance and incubation
attendance such that hens are reducing the duration of their breaks to maintain overall
constancy and optimize microclimate for embryonic development. Remarkably, our findings
serve as the first quantified evidence regarding the multi-scale effects of nest site and
surrounding habitat characteristics on incubation behaviour in ducks.
The influence of industrial development on nest success in ducks has received attention in
prairie (Ludlow & Davis 2018, Skaggs et al. 2020) and hemi-boreal (Roy, 2018) regions, and
we are only beginning to understand the relationship between industrial development and
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ducks in the western boreal forest (Slattery et al. 2011, Dyson 2020). Additionally, previous
studies have yet to explore the relationship between industrial development on incubation
behaviour. Our inclusion of road categories was illuminative as primary road (i.e., paved,
gravel) densities and nest survival are positively correlated (Dyson 2020, Roy 2018) likely
because many mammalian predators avoid roads (Tucker et al. 2018). However, our results
indicated that nest sites surrounded with high densities of secondary roads (e.g., winter roads,
decommissioned vegetated roads, trails) had a higher recess frequency which can negatively
influence survival and embryonic development.
Predator avoidance and increased foraging behaviours are two potential hypotheses that
explain the correlations with secondary roads. Linear features (e.g., secondary roads) have
shown to facilitate predator movement (DeMars & Boutin 2017, Finnegan et al. 2018), and the
characteristics of secondary roads make them ideal travel corridors (Trombulak & Frissell
2000, Randa & Yunger 2006, Fahrig & Rytwinski 2009, Roy 2018) that could increase
foraging success rates (Abrams & Ginzburg, 2000; Muhly et al., 2019; Mumma et al., 2019).
Depredation is the primary limiting factor of nest success in ducks (Martin 1995, Clark &
Shutler 1999, Simpson et al. 2005, Pieron & Rohwer 2010, Howerter et al. 2014) and flushing
off the nest is a defense tactic used by attending females (Forbes et al. 1994, Gunness et al.
2001, Dassow et al. 2012), thus increased recess frequency may be indicative of females
flushing to avoid depredation. For example, if greater secondary roads densities increases nest
depredation risk (i.e., elevated predator activity), then females should devote less energy to
their nest due to reduced likelihood of survival (Ringelman & Stupaczuk 2013) and are more
likely to flush from the nest in response to predator induced disturbance (Dassow et al. 2012).
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Inversely, nesting habitats with higher densities of secondary roads may have fewer
predators and provide females with increased foraging opportunities because of decreased
predator pressure. If recesses were taken at appropriate times (i.e., during the warmer periods
of the day; Brown & Fredrickson 1987), nest microclimates could be maintained for embryonic
development (Webb 1987) with limited concern for nest concealment (Kreisinger & Albrecht
2008). Depending on forage availability, this behaviour could also be more energetically costly
(Caldwell & Cornwell 1976) and extend the incubation period, increasing the potential for
abandonment (Korschgen & Dahlgren 1992, Esler & Grand 1993) and depredation (Afton &
Paulus 1992, Bolduc & Guillemette 2003). Although secondary roads did not influence
incubation constancy nor recess duration, suggesting that while hens took more breaks, they
did not spend more time off the nest, alluding to predator-induced recesses or increased
foraging recesses. A companion study investigating the occupancy of boreal duck predators
(Dyson et al. 2020) found increasing probability of site occupancy for bear, wolves, and
coyotes with increasing human footprint, but was unable to differentiate impacts between
primary and secondary roads (Dyson 2020). Thus, future research may consider investigating
the exact mechanisms driving increased recess frequency.
Ducks nest at low densities in the boreal forest, making it difficult to locate nests. Previous
research adapted for the prairie regions suggested that the optimal time to search for duck nests
was between 08:00 and 14:00 (Gloutney et al. 1993). We detected incubation recesses at every
hour during the entire 24-hour day (Figure 3.3). Given that the observers are dependent on
flushing the hen to locate the nest, traditional upland nest searching methods (Klett et al. 1986)
and time-frames may not be a feasible option. Though we cannot recommend an optimal time
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to search for nests, the implementation of alternative nest searching approaches such as drones
(Bushaw et al. 2020) may allow researchers to cover larger areas in shorter amount of time,
increasing the success rate of finding nests.
3.6 Summary
We developed a new method to objectively and efficiently quantify incubation behaviour
in ground nesting ducks using cost-effective temperature loggers. We then used that approach
to produce baseline life history information regarding the recess frequency, duration, and
incubation constancy in four species of boreal ground nesting ducks. This also allowed us to
further investigate the multi-scale relationships between land cover, land use, weather and
incubation behaviour. Our findings support our hypotheses that land cover, land use and
weather affect incubation behaviour and are generally consistent with our predictions. Females
took frequent, short recesses when ambient temperatures were high, resulting in reduced
incubation constancy. Females also took more recesses when nests were surrounded with
greater densities of linear features (i.e., secondary roads) and foraging habitat (i.e., marsh), and
when nests were better concealed with dense overhead cover, reducing incubation constancy.
The increased measures of recess frequency that we report are the first quantified effects of
land use characteristics on incubation behaviour in ducks and represent the potential impacts
of continued industrial development on boreal nesting ducks. Ultimately, our research
addresses important questions concerning the behavioural response of ducks to changes in
ecosystem structure and function during their most crucial life stage. Therefore, these data and
our findings may prove useful for making predictions about waterfowl population trajectories
relative to landscape change in the future.
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Chapter 4: Conclusions
Industrial development is a major threat to terrestrial ecosystems (Allred et al. 2015,
Hebblewhite 2017) as infrastructure removes and fragments habitat for many wildlife species
(Ryall & Fahrig 2006). Industrial development in the boreal forest is expected to continue, and
the impacts on boreal breeding ducks remains largely unknown. When focus is placed on the
perceived drivers of change and coupled with rigorous conservation research, the results hold
the potential to elucidate the unknowns (Pavón-Jordán et al. 2017). Therefore, disentangling
the relationships between industrial development and breeding ducks will help identify the
potential mechanisms of decline and provide the knowledge required to better manage boreal
duck populations.
We identified important habitats used by female Mallards during the breeding season and
quantified the influence of industrial development on second and third order habitat selection.
Overall, our results suggest that the western boreal forest presents ducks with ample habitat
that can provide support throughout the breeding period, and that current levels of industrial
development do not negatively affect home range establishment or habitat selection of
breeding female Mallards. However, with the continued expansion of industrial development
across the western boreal region, it is important that we continue to explore the relationship
between breeding ducks and industrial development. Brood survival is a major factor that
contributes to population dynamics (Raven et al. 2007), yet we know nothing about brood
survival in the western boreal forest, and there is limited research regarding the effects of
industrial development on this important life stage (Roy 2018). Therefore, future research may
consider exploring various aspects of the brood rearing period including survival and habitat
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selection (Raven et al. 2007), taking into consideration the important breeding habitats
highlighted by our research.
Given the importance of the western boreal forest to North American duck populations,
this region should be a priority for waterfowl management objectives. Studies in the prairie
regions have highlighted the importance of small, secluded wetland habitats during various
aspects of the breeding period (Gloutney & Clark 1997, Clark & Shutler 1999, Yerkes 2000,
Kemink et al. 2019). Based on our results, we suggest that habitat management projects in
areas with varying industrial development intensities should prioritize habitats with greater
proportions of shrub swamp, marsh, and graminoid fens. Wetland habitats provide attractive
forage opportunities and vegetation communities (Bendell-Young et al. 2000, Gurney et al.
2005, Straub et al. 2012, Stafford et al. 2016) associated with these features have the potential
to provide ducks with stable, valuable habitat throughout the breeding period (Emery et al.
2005, Kuczynski & Paszkowski 2012, Dyson 2020).
Though we observed selection for well pads, borrow pits, roads, and pipelines, we caution
reclamation of these features. Selection for these industrial features may, in fact, be due to their
attractiveness over other natural features in the boreal forest (Bendell-Young et al. 2000,
Gurney et al. 2005). However, they may also represent adaptive behaviours such that
competition for top-notch natural habitats resulted in the selection of sub-optimal ones.
Therefore, we suggest that managers allow borrow pits and well pads to experience natural
succession, as this is a cost-effective alternative to active reclamation. We also suggest that
future research investigates the fine scale habitat characteristics (e.g., benthic invertebrate
communities, vegetative community structure) of important wetland communities (e.g., shrub
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swamp, marsh, and graminoid fens) and industrial block (e.g., well pads, borrow pits) and
linear features (e.g., roads and pipelines) that promotes habitat selection.
We developed a new method to identify nest attendance in ground nesting ducks using
temperature loggers. We believe our heads-up changepoint analysis is a practical method that
is of considerable value to the avian research community; and suggest that future research
consider employing this method on other species of ducks with different breeding strategies
(e.g., capital) and nesting behaviours (e.g., cavity and over water nesters). Though, we
recognize that this approach requires refinements and proof of concept before it can be
applicable across other avian taxa, such as songbirds. Ultimately, however, this method is an
efficient and effective way to quantify incubation behaviour metrics which provide valuable
life history knowledge, and may also be important predictors that can be incorporated into nest
and brood survival models (Bloom et al. 2013).
We applied our novel approach to quantify incubation patterns and produced baseline life
history information regarding the incubation behaviour of boreal nesting ducks; and insight
into the multi-scale effects of land cover, land use, and weather on incubation behaviour. The
influence of secondary road densities and marsh habitat on daily recess frequency was
informative, and generated two potentially dissimilar hypotheses that require further
investigation. In particular, the correlation with secondary roads may represent increased
depredation avoidance tactics (i.e., flushing) due to increased predator activity, or increased
foraging behaviour due to a lack of predators and increased foraging habitat. Future research
may also consider incorporating a nest-site specific predator activity aspect (e.g., occupancy
rates) in their incubation behaviour models, which may help clarify the exact mechanisms that
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influence incubation behaviour in boreal ducks. Our results provide a valuable reference point
for incubation studies in the boreal forest and contribute new information to the growing
repository of research surrounding duck life histories.
In this thesis, we explored how industrial development influenced breeding habitat
selection and incubation behaviours in boreal nesting ducks, while also considering natural
land cover features. We highlighted key habitats used by breeding female Mallards and
quantified the effects of industrial development on the habitat selection process across multiple
hierarchal levels. Furthermore, we quantified the effects of industrial development on
incubation behaviour in four ground nesting species of boreal breeding ducks, and developed
a novel approach for exploring incubation behaviour in avian species. The findings from our
research will help facilitate the efficient allocation of management efforts and conservation
dollars to develop effective conservation policy and population management initiatives.
Additionally, our findings will guide future research that explores the relationships between
industrial development on breeding ducks in the region. Our research contributes to our unique
understanding of the novel boreal ecosystem by providing new theoretical knowledge to boreal
forest and waterfowl ecology, and valuable insight into landscape interactions, ultimately
contributing to conserving North American duck populations.

93

References
ABMI. 2017. Alberta Biodiversity Monitoring Institute. Wall-to-Wall Human Footprint
Inventory.
Abrams, P.A. & Ginzburg, L.R. 2000. The nature of predation: Prey dependent, ratio
dependent or neither? Trends Ecol. Evol. 15: 337–341.
Adams, C.A., Blumenthal, A., Fernández-Juricic, E., Bayne, E. & St Clair, C.C. 2019. Effect
of anthropogenic light on bird movement, habitat selection, and distribution: A
systematic map protocol. Environ. Evid. 8: 1–16.
Afton, A.D. 1979. Time Budget of Breeding Northern Shovelers. Wilson Bull. 91: 42–49.
Afton, A.D. 1980. Factors affecting incubation rhythms of northern shovelers. Condor 82:
132–137.
Afton, A.D. & Paulus, S.L. 1992. Incubation and brood care. In: Ecology and Management of
Breeding Waterfowl, pp. 62–108. University of Minnesota Press, Minneapolis.
Alberta Biodiversity Monitoring Institute. 2020. Human Footprint Inventory 2018.
Allred, B.W., Smith, W.K., Twidwell, D., Haggerty, J.H., Running, S.W., Naugle, D.E. &
Fuhlendorf, S.D. 2015. Ecosystem services lost to oil and gas in North America. Science
(80). 348: 401–402.
Ancel, A., Beaulieu, M., Le Maho, Y. & Gilbert, C. 2009. Emperor penguin mates: Keeping
together in the crowd. Proc. R. Soc. B Biol. Sci. 276: 2163–2169.
Andrewartha, H.G. 1970. Introduction to the Study of Animal Populations, Second Edi.
Chapman and Hall Ltd.
94

Ankney, C.D. 1984. Nutrient reserve dynamics of breeding and molting brant. Auk 101: 361–
370.
Arnold, T.W. 2010. Uninformative parameters and model selection using Akaike’s
Information Criterion. J. Wildl. Manage. 74: 1175–1178.
Avgar, T., Lele, S.R., Keim, J.L. & Boyce, M.S. 2017. Relative Selection Strength:
Quantifying effect size in habitat- and step-selection inference. Ecol. Evol. 7: 5322–
5330.
Avgar, T., Potts, J.R., Lewis, M.A. & Boyce, M.S. 2016. Integrated step selection analysis:
Bridging the gap between resource selection and animal movement. Methods Ecol. Evol.
7: 619–630.
Baldwin, S.P. & Kendeigh, S.C. 1927. Attentiveness and inattentiveness in the nesting
behavior of the House Wren. Auk 44: 206–216.
Ball, J.R., Bayne, E. & Machtans, C.S. 2008. Energy sector edge effects on songbird nest fate
and nest productivity in the boreal forest of western Canada: A preliminary analysis.
Fourth Int. Partners Flight Conf. Tundra to Trop. 161–170.
Bartzen, B., Dufour, K.W., Bidwell, M.T., Watmough, M.D. & Clark, R.G. 2017.
Relationships between abundances of breeding ducks and attributes of Canadian prairie
wetlands. Wildl. Soc. Bull. 41: 416–423.
Bates, D., Mächler, M., Bolker, B.M. & Walker, S.C. 2015. Fitting linear mixed-effects
models using lme4. J. Stat. Softw. 67.
Batt, B.D.J., Afton, A.D., Anderson, M.G., Ankney, C.D., Johnson, D.H., Kadlec, J.A. &
95

Krapu, G.L. 1992. Ecology and Management of Breeding Waterfowl. University of
Minnesota Press, Minneapolis, Minnesota, USA.
Batt, B.D.J. & Cornwell, G.W. 1972. The effects of cold on Mallard embryos. J. Wildl.
Manage. 36: 745–751.
Beatty, W.S., Kesler, D.C., Webb, E.B., Naylor, L.W., Raedeke, A.H., Humburg, D.D.,
Coluccy, J.M. & Soulliere, G.J. 2017. How will predicted land-use change affect
waterfowl spring stopover ecology? Inferences from an individual-based model. J. Appl.
Ecol., doi: 10.1111/1365-2664.12788.
Beatty, W.S., Kesler, D.C., Webb, E.B., Raedeke, A.H., Naylor, L.W. & Humburg, D.D.
2014a. The role of protected area wetlands in waterfowl habitat conservation:
Implications for protected area network design. Biol. Conserv. 176: 144–152.
Beatty, W.S., Webb, E.B., Kesler, D.C., Raedeke, A.H., Naylor, L.W. & Humburg, D.D.
2014b. Landscape effects on Mallard habitat selection at multiple spatial scales during
the non-breeding period. Landsc. Ecol. 29: 989–1000.
Bendell-Young, L.I., Bennett, K.E., Crowe, A., Kennedy, C.J., Kermode, A.R., Moore,
M.M., Plant, A.L. & Wood, A. 2000. Ecological characteristics of wetlands receiving an
industrial effluent. Ecol. Appl. 10: 310–322.
Bengtsson, D., Avril, A., Gunnarsson, G., Elmberg, J., Söderquist, P., Norevik, G., Tolf, C.,
Safi, K., Fiedler, W., Wikelski, M., Olsen, B. & Waldenström, J. 2014. Movements,
home-range size and habitat selection of Mallards during autumn migration. PLoS One
9.
96

Bentzen, R.L., Powell, A.N., Phillips, L.M. & Suydam, R.S. 2010. Incubation behavior of
king eiders on the coastal plain of northern Alaska. Polar Biol. 33: 1075–1082.
Beyer, H.L., Haydon, D.T., Morales, J.M., Frair, J.L., Hebblewhite, M., Mitchell, M. &
Matthiopoulos, J. 2010. The interpretation of habitat preference metrics under useavailability designs. Philos. Trans. R. Soc. B Biol. Sci. 365: 2245–2254.
Block, W.M. & Brennan, L.A. 1993. Habitat concept in ornithology: theory and applications.
NCASI Tech. Bull. 11: 38.
Bloom, P.M., Clark, R.G., Howerter, D.W. & Armstrong, L.M. 2013. Multi-scale habitat
selection affects offspring survival in a precocial species. Oecologia 173: 1249–1259.
Bolduc, F. & Guillemette, M. 2003. Human disturbance and nesting success of Common
Eiders: Interaction between visitors and gulls. Biol. Conserv. 110: 77–83.
Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H. &
White, J.S.S. 2009. Generalized linear mixed models: a practical guide for ecology and
evolution. Trends Ecol. Evol. 24: 127–135.
Börger, L., Franconi, N., De Michele, G., Gantz, A., Meschi, F., Manica, A., Lovari, S. &
Coulson, T. 2006. Effects of sampling regime on the mean and variance of home range
size estimates. J. Anim. Ecol. 75: 1393–1405.
Borgo, J.S. & Conover, M.R. 2016. Visual and olfactory concealment of duck nests:
Influence on nest site selection and success. Human-Wildlife Interact. 10: 110–121.
Boyce, M.S. 2006. Scale for resource selection functions. Divers. Distrib. 12: 269–276.
Boyce, M.S., Johnson, C.J., Merrill, E.H., Nielsen, S.E., Solberg, E.J. & van Moorter, B.
97

2016. Can habitat selection predict abundance? J. Anim. Ecol. 85: 11–20.
Boyce, M.S. & McDonald, L.L. 1999. Relating populations to habitats using resource
selection functions. Trends Ecol. Evol. 14: 268–272.
Boyce, M.S., Vernier, P.R., Nielsen, S.E. & Schmiegelow, F.K.A. 2002. Evaluating resource
selection functions. Ecol. Modell. 157: 281–300.
Boyer, R.A., Coluccy, J.M., Montgomery, R.A., Redilla, K.M. & Winterstein, S.R. 2018.
The effect of habitat on the breeding season survival of Mallards (Anas platyrhynchos)
in the Great Lakes region. Can. J. Zool. 96: 700–706.
Brasher, M.G., Davis, J.B., Kaminski, M.R., Emery, R.B., Kaminski, R.M. & Baldassarre,
G.A. 2014. Criteria for determining breeding-pair status of male Mallards captured in
decoy traps. Wildl. Soc. Bull. 38: 599–604.
Broughton, R.K., Bubnicki, J.W. & Maziarz, M. 2020. Multi-scale settlement patterns of a
migratory songbird in a European primaeval forest. Behav. Ecol. Sociobiol. 74.
Brown, J.H. 1984. On the relationship between abundance and distribution of species. Am.
Nat. 124(2): 255–279.
Brown, P.W. & Fredrickson, L.H. 1987. Time budget and incubation behavior of breeding
White-winged Scoters. Wilson Bull. 99: 50–55.
Buchanan, T., Brook, R.W., Purvis, M.P. & Davies, J.C. 2015. Quantifying moonlight and
wind effects on flighted waterfowl capture success during night-lighting. Wildl. Soc.
Bull. 39: 169–173.
Burnham, K.P. & Anderson, D.R. 2004. Multimodel inference: Understanding AIC and BIC
98

in model selection. Sociol. Methods Res. 33: 261–304.
Burton, A.C., Huggard, D., Bayne, E., Schieck, J., Sólymos, P., Muhly, T., Farr, D. &
Boutin, S. 2014. A framework for adaptive monitoring of the cumulative effects of
human footprint on biodiversity. Environ. Monit. Assess. 186: 3605–3617.
Bushaw, J. D., K. M. Ringelman, M. K. Johnson, T. Rohrer, and F. C. Rohwer. 2020.
Applications of an unmanned aerial vehicle and thermal-imaging camera to study ducks
nesting over water. J. Field Ornithol. 91:409–420.
Caldwell, P.J. & Cornwell, G.W. 1976. Incubation behaviour and temperatures of the
Mallard duck. Auk 92: 706–731.
Capilla-Lasheras, P.P. 2018. incR: A new R package to analyze incubation behaviour. J.
Avian Biol., doi: 10.1111/jav.01710.
Carlson, M., Wells, J. & Jacobson, A. 2015. Balancing the relationship between protection
and sustainable management in Canada’s boreal forest. Conserv. Soc. 13: 13–22.
Carter, A.W., Hopkins, W.A., Moore, I.T. & Durant, S.E. 2014. Influence of incubation
recess patterns on incubation period and hatchling traits in Wood Ducks (Aix sponsa). J.
Avian Biol. 45: 273–279.
Chadre, P., Kasambe, R. & Tarar, J. l. 2011. Breeding behaviour of the Indian Grey Hornbill
in central India. Raffle Bull. Zool. 24: 59–64.
Chalfoun, A.D. & Martin, T.E. 2007. Latitudinal variation in avian incubation attentiveness
and a test of the food limitation hypothesis. Anim. Behav. 73: 579–585.
Clark, R.G. & Shutler, D. 1999. Avian habitat selection: Pattern from process in nest-site use
99

by ducks? Ecology 80: 272–287.
Cockburn, A. 2006. Prevalence of different modes of parental care in birds. Proc. R. Soc. B
Biol. Sci. 273: 1375–1383.
Cody, M.L. 1981. Habitat selection in birds: The roles of vegetation structure, competitors,
and productivity. Bioscience 31: 107–113.
Connelly, J.W. & Ball, I.J. 1984. Comparisons of aspects of breeding Blue-winged and
Cinnamon Teal in Eastern Washington. Wilson Bull. (Wilson Ornithol. Soc.) 96: 626–
633.
Cooper, C.B. & Mills, H. 2005. New software for quantifying incubation behavior from
time-series recordings. J. F. Ornithol. 76: 352–356.
Copeland, H.E., Pocewicz, A. & Kiesecker, J.M. 2011. Geography of energy development in
western north America: Potential impacts on terrestrial ecosystems. In: Energy
Development and Wildlife Conservation in Western North America.
Cowardin, L.M. & Golet, F.C. 1995. US Fish and Wildlife Service 1979 wetland
classification: A review. Vegetatio 118: 139–152.
Croston, R., Ackerman, J.T., Herzog, M.P., Kohl, J.D., Hartman, C.A., Peterson, S.H.,
Overton, C.T., Feldheim, C.L. & Casazza, M.L. 2018a. Duck nest depredation, predator
behavior, and female response using video. J. Wildl. Manage. 82: 1014–1025.
Croston, R., Hartman, C.A., Herzog, M.P., Casazza, M.L. & Ackerman, J.T. 2018b. A new
approach to automated incubation recess detection using temperature loggers. Condor
120: 739–750.
100

Croston, R., Hartman, C.A., Herzog, M.P., Casazza, M.L., Feldheim, C.L. & Ackerman, J.T.
2020. Timing, frequency, and duration of incubation recesses in dabbling ducks. Ecol.
Evol. 10: 2513–2529.
Cummings, G.E. & Hewitt, O.H. 1964. Capturing waterfowl and marsh birds at night with
light and sound. J. Wildl. Manage. 28: 120–126.
Dallmann, J.D., Anderson, L.C., Raynor, E.J., Powell, L.A. & Schacht, W.H. 2016. iButton®
temperature loggers effectively determine prairie grouse nest absences. Gt. Plains Res.
26: 117–123.
Dassow, J.A., Eichholz, M.W., Stafford, J.D. & Weatherhead, P.J. 2012. Increased nest
defense of upland-nesting ducks in response to experimentally reduced risk of nest
predation. J. Avian Biol. 43: 61–67.
DeCesare, N.J., Hebblewhite, M., Schmiegelow, F., Hervieux, D., McDermid, G.J., Neufeld,
L., Bradley, M., Whittington, J., Smith, K.G., Morgantini, L.E., Wheatley, M. &
Musiani, M. 2012. Transcending scale dependence in identifying habitat with resource
selection functions. Ecol. Appl. 22.
DeCesare, N.J. & Pletscher, D.H. 2006. Movements, connectivity, and resource selection of
rocky mountain Bighorn Sheep. J. Mammal. 87: 531–538.
Deeming, D.C. 2002. Behaviour patterns during incubation. In: Avian incubation: Behaviour,
environment and evolution (D. C. Deeming, ed), p. 415. Oxford University Press.
DeGregorio, B.A., Chiavacci, S.J., Benson, T.J., Sperry, J.H. & Weatherhead, P.J. 2016. Nest
predators of north American birds: Continental patterns and implications. Bioscience 66:
101

655–665.
Degregorio, B.A., Weatherhead, P.J., Sperry, J.H. & Brett DeGregorio, C.A. 2014. Power
lines, roads, and avian nest survival: Effects on predator identity and predation intensity.
Ecol. Evol. 4: 1589–1600.
DeMars, C.A. & Boutin, S. 2017. Nowhere to hide: Effects of linear features on predator–
prey dynamics in a large mammal system. J. Anim. Ecol., doi: 10.1111/13652656.12760.
Dickie, M., McNay, S.R., Sutherland, G.D., Cody, M. & Avgar, T. 2020. Corridors or risk?
Movement along, and use of, linear features varies predictably among large mammal
predator and prey species. J. Anim. Ecol. 89: 623–634.
Dickie, M., Serrouya, R., McNay, R.S. & Boutin, S. 2017. Faster and farther: wolf movement
on linear features and implications for hunting behaviour. J. Appl. Ecol. 253–263.
Doherty, K.E., Evans, J.S., Walker, J., Devries, J.H. & Howerter, D.W. 2015. Building the
foundation for international conservation planning for Breeding ducks across the U.S.
and Canadian border. PLoS One 10: 1–23.
Drapeau, P., Leduc, A., Giroux, J.F., Savard, J.P.L., Bergeron, Y. & Vickery, W.L. 2000.
Landscape-scale disturbances and changes in bird communities of boreal mixed-wood
forests. Ecol. Monogr. 70: 423–444.
Drewien, R.C., Reeves, H.M., Springer, P.F. & Kuck, T.L. 1967. Back-Pack Unit for
Capturing Waterfowl and Upland Game by Night-Lighting. J. Wildl. Manage. 31: 778–
783.
102

Ducks Unlimited Canada. 2011. Enhance wetland classification inferred products user
guide.
Ducks Unlimited Canada. 2014. Distribution and Abundance of Waterfowl in the Western
Boreal Forest. Tech. rept. National Boreal Program and Institute for Wetland and
Waterfowl Research, Edmonton, Alberta.
DuRant, S.E., Hopkins, W.A., Hepp, G.R. & Romero, L.M. 2013. Energetic constraints and
parental care: Is corticosterone indicative of energetic costs of incubation in a precocial
bird? Horm. Behav. 63: 385–391.
Durant, S.E., Hopkins, W.A., Hepp, G.R. & Walters, J.R. 2013. Ecological, evolutionary,
and conservation implications of incubation temperature-dependent phenotypes in birds.
Biol. Rev. 88: 499–509.
Dwyer, T. 1972. An adjustable radio-package for ducks. Bird Band. 43: 282–284.
Dyson, M.E. 2020. Nesting ecology of ducks nesting in the boreal forest. Doctoral Thesis,
The University of Waterloo.
Dyson, M.E., Slattery, S.M. & Fedy, B.C. 2019. Microhabitat nest-site selection by ducks in
the boreal forest. J. F. Ornithol. In Press: 348–360.
Dyson, M.E., Slattery, S.M. & Fedy, B.C. 2020. Nest Predators of Ducks in the Boreal
Forest. Wildl. Soc. Bull. 44: 631–639.
Elmberg, J., Pöysä, H., Sjöberg, K. & Nummi, P. 1997. Interspecific interactions and coexistence in dabbling ducks: Observations and an experiment. Oecologia 111: 129–136.
Elton, C. 1927. Animal Ecology (J. S. Huxley, ed). The Macmillan Company, New York.
103

Emery, R.B., Howerter, D.W., Armstrong, L.M., Anderson, M.G., Devries, J.H. & Joynt,
B.L. 2005. Seasonal variation in waterfowl nesting success and its relation to cover
management in the Canadian prairies. J. Wildl. Manage. 69: 1181–1193.
Environment Canada. 2013. Bird Conservation Strategy for Bird Conservation Region 6:
Boreal Taiga Plains.
Erikstad, K.E. & Tveraa, T. 1995. Does the cost of incubation set limits to clutch size in
Common Eiders (Somateria mollissima)? Oecologia 103: 270–274.
Esler, D. & Grand, J.B. 1993. Factors influencing depredation of artificial duck nests. J.
Wildl. Manage. 57: 244–248.
Evrard, J.O. 1999. Mallard and Blue-winged Teal philopatry in northwest Wisconsin. N. A.
Bird Bander 24: 38–42.
Fahrig, L. 2003. Effects of habitat fragmentation on biodiversity. Rev. Lit. Arts Am. 34: 487–
515.
Fahrig, L. & Rytwinski, T. 2009. Effects of roads on animal abundance: An empirical review
and synthesis. Ecology and Society, 14(1), 21. Ecol. Soc. 14: 21–41.
Faleiro, F. V., Machado, R.B. & Loyola, R.D. 2013. Defining spatial conservation priorities
in the face of land-use and climate change. Biol. Conserv. 158: 248–257.
Fast, P.L.F., Clark, R.G., Brook, R.W. & Hines, J.E. 2004. Patterns of wetland use by broodrearing Lesser Scaup in northern boreal forest of Canada. Int. J. Waterbird Biol. 27:
177–182.
Fawcett, S., Sistla, S., Dacosta-Calheiros, M., Kahraman, A., Reznicek, A.A., Rosenberg, R.
104

& von Wettberg, E.J.B. 2019. Tracking microhabitat temperature variation with iButton
data loggers. Appl. Plant Sci. 7: 1–12.
Fedy, B.C., Doherty, K.E., Aldridge, C.L., O’Donnell, M., Beck, J.L., Bedrosian, B.,
Gummer, D., Holloran, M.J., Johnson, G.D., Kaczor, N.W., Kirol, C.P., Mandich, C.A.,
Marshall, D., McKee, G., Olson, C., Pratt, A.C., Swanson, C.C. & Walker, B.L. 2014.
Habitat prioritization across large landscapes, multiple seasons, and novel areas: An
example using greater sage-grouse in Wyoming. Wildl. Monogr. 190: 1–39.
Fedy, B.C. & Martin, T.E. 2009. Male songbirds provide indirect parental care by guarding
females during incubation. Behav. Ecol. 20: 1034–1038.
Fieberg, J., Signer, J., Smith, B. & Avgar, T. 2020. A ‘how-to ’ Guide for Interpreting
Parameters in Resource- and Step-Selection Analyses. bioRxiv.
Finnegan, L., Pigeon, K.E., Cranston, J., Hebblewhite, M., Musiani, M., Neufeld, L.,
Schmiegelow, F., Duval, J. & Stenhouse, G.B. 2018. Natural regeneration on seismic
lines influences movement behaviour of Wolves and Grizzly Bears. PLoS One 13.
Fisher, J. T., and A. C. Burton. 2018. Wildlife winners and losers in an oil sands landscape.
Frontiers in Ecology and the Environment 16:323–328.
Flaspohler, D.J., Temple, S.A. & Rosenfield, R.N. 2001. Species-specific edge effects on
nest success and breeding bird density in a forested landscape. Ecol. Appl. 11: 32–46.
Flint, P.L. & Maccluskie, M.C. 1995. A device for simultaneously measuring nest attendance
and nest temperature in waterfowl. J. F. Ornithol. 66: 515–521.
Fogarty, D.T., Elmore, R.D., Fuhlendorf, S.D. & Loss, S.R. 2017. Influence of olfactory and
105

visual cover on nest site selection and nest success for grassland-nesting birds. Ecol.
Evol. 7: 6247–6258.
Foote, L. & Krogman, N. 2006. Wetlands in Canada’s western boreal forest: agents of
change. For. Chron. 82: 825–833.
Forbes, M.R.L., Clark, R.G., Weatherhead, P.J. & Armstrong, T. 1994. Risk-taking by
female ducks: intra- and interspecific tests of nest defense theory. Behav. Ecol.
Sociobiol. 34: 79–85.
Forester, J.D., Im, H.K. & Rathouz, P.J. 2009. Accounting for animal movement in
estimation of resource selection functions: sampling and data analysis. Ecology 90:
3554–3565.
Francis, C.D., Ortega, C.P. & Cruz, A. 2009. Noise pollution changes avian communities and
species interactions. Curr. Biol. 19: 1415–1419.
Francis, C.D., Paritsis, J., Ortega, C.P. & Cruz, A. 2011. Landscape patterns of avian habitat
use and nest success are affected by chronic gas well compressor noise. Landsc. Ecol.
26: 1269–1280.
Fretwell, S.D. & Lucas, H.L.J. 1968. On territorial behaviour and other factors influencing
habitat distribution in birds. Essentials Nucleic Acid Anal. 59–82.
Gauthier, G. 1990. Philopatry, nest-site fidelity, and reproductive performance in
Buffleheads. AuK 107: 126–132.
Gerall, R. 2019. Habitat selection and nest predation in a Common Eider population in
southern Sweden. Scand. J. Ornithol. 16: 129–139.
106

Gilmer, D.S., Ball, I.J., Cowardin, L.M., Riechmann, J.H. & Tester, J.R. 1975. Habitat use
and home range of Mallards breeding in Minnesota. J. Wildl. Manage. 39: 781–789.
Gloutney, M.L. & Clark, R.G. 1997. Nest-site selection by Mallards and Blue-Winged teal in
relation to microclimate. Auk 114: 381–395.
Green, A.J. & Elmberg, J. 2014. Ecosystem services provided by waterbirds. Biol. Rev., doi:
10.1111/brv.12045.
Gue, C.T., Walker, J.A., Mehl, K.R., Gleason, J.S., Stephens, S.E., Loesch, C.R., Reynolds,
R.E. & Goodwin, B.J. 2013. The effects of a large-scale wind farm on breeding season
survival of female Mallards and Blue-winged Teal in the Prairie Pothole Region. J.
Wildl. Manage. 77: 1360–1371.
Gunness, M.A., Clark, R.G. & Weatherhead, P.J. 2001. Counterintuitive parental investment
by female dabbling ducks in response to variable habitat quality. Ecology 82: 1151–
1158.
Gurney, K.E., Williams, T.D., Smits, J.E., Wayland, M., Trudeau, S. & Bendell-Young, L.I.
2005. Impact of oil-sands based wetlands on the growth of Mallard (Anas
platyrhynchos) ducklings. Environ. Toxicol. Chem. 24: 457–463.
Guyn, K.L. & Clark, R.G. 1997. Cover characteristics and success of natural and artificial
duck nests. J. F. Ornithol. 68: 33–41.
Habib, L., Bayne, E.M. & Boutin, S. 2007. Chronic industrial noise affects pairing success
and age structure of Ovenbirds (Seiurus aurocapilla). J. Appl. Ecol. 44: 176–184.
Hanski, I. 2011. Habitat loss, the dynamics of biodiversity, and a perspective on
107

conservation. Ambio 40: 248.
Hardin, J.W. & Hilbe, J.M. 2007. Generalized Linear Models and Extensions, Second Edi.
Stata Press.
Harris, R.B., Birks, S.M. & Leaché, A.D. 2014. Incubator birds: Biogeographical origins and
evolution of underground nesting in Megapodes (Galliformes: Megapodiidae). J.
Biogeogr. 41: 2045–2056.
Hebblewhite, M. 2017. Billion-dollar boreal Woodland Caribou and the biodiversity impacts
of the global oil and gas industry. Biol. Conserv. 206: 102–111.
Hebblewhite, M. & Merrill, E. 2008. Modelling wildlife-human relationships for social
species with mixed-effects resource selection models. J. Appl. Ecol. 45: 834–844.
Hepp, G.R., Folk, T.H. & Manlove, C.A. 2005. Nest temperature, incubation period , and
investment decisions of incubating Wood Ducks (Aix sponsa). J. Avian Biol. 36: 523–
530.
Hepp, G.R. & Kennamer, R.A. 2012. Warm is better: Incubation temperature influences
apparent survival and recruitment of Wood Ducks (Aix sponsa). PLoS One 7: 1–6.
Hepp, G.R., Kennamer, R.G. & Johnson, M.H. 2006. Maternal effects in Wood Ducks:
incubation temperature influences incubation period and neonate phenotype. Funct.
Ecol 20: 307–314.
Hijmans, R.J., Etten, J. Van, Sumner, M., Cheng, J., Baston, D., Bevan, A., Bivand, R.,
Busetto, L., Canty, M., Fasoli, B., Forrest, D., Golicher, D., Gray, J., Greenberg, J.A.,
Hiemstra, P., Karney, C., Mattiuzzi, M., Mosher, S. & Wueest, R. 2020. Package
108

‘raster’.
Hildén, O. 1965. Habitat selection in birds: A review. Ann. Zool. Fennici 2: 53–75.
Holbrook, J.D., Olson, L.E., DeCesare, N.J., Hebblewhite, M., Squires, J.R. & Steenweg, R.
2019. Functional responses in habitat selection: clarifying hypotheses and
interpretations. Ecol. Appl. 29: 1–15.
Holbrook, J.D., Squires, J.R., Olson, L.E., Decesare, N.J. & Lawrence, R.L. 2017.
Understanding and predicting habitat for wildlife conservation: The case of Canada lynx
at the range periphery. Ecosphere 8.
Holopainen, S., Arzel, C., Dessborn, L., Elmberg, J., Gunnarsson, G., Nummi, P., Pöysä, H.
& Sjöberg, K. 2015. Habitat use in ducks breeding in boreal freshwater wetlands: A
review. Eur. J. Wildl. Res. 61: 339–363.
Hooten, M.B., Buderman, F.E., Brost, B.M., Hanks, E.M. & Ivan, J.S. 2016. Hierarchical
animal movement models for population-level inference. Environmetrics 27: 322–333.
Hoover, A. K., F. C. Rohwer, and K. D. Richkus. 2004. Evaluation of nest temperatures to
assess female nest attendance and use of video cameras to monitor incubating
waterfowl. Wild. Soc. Bull. 32(2).
Hostetler, M. 2001. The importance of multi-scale analyses in avian habitat selection studies
in urban environments. Avian Ecol. Conserv. an Urban. World 1997: 139–154.
Houghton, R. A. 1994. The worldwide extent of land-use change. BioScience 44(5):305–313.
Houston, A.I., Stephens, P.A., Boyd, I.L., Harding, K.C. & McNamara, J.M. 2007. Capital or
income breeding? A theoretical model of female reproductive strategies. Behav. Ecol.
109

18: 241–250.
Howerter, D.W., Anderson, M.G., Devries, J.H., Joynt, B.L., Armstrong, L.M., Emery, R.B.
& Arnold, T.W. 2014. Variation in Mallard vital rates in Canadian aspen parklands :
The prairie habitat joint venture assessment. Wildl. Monogr. 188: 1–37.
Injaian, A.S., Poon, L.Y. & Patricelli, G.L. 2018. Effects of experimental anthropogenic
noise on avian settlement patterns and reproductive success. Behav. Ecol. 29: 1181–
1189.
Jacobson, M.Z. 2009. Review of solutions to global warming, air pollution, and energy
security. Energy Environ. Sci. 2: 148–173.
Janke, A.K., Anteau, M.J. & Stafford, J.D. 2017. Long-term spatial heterogeneity in Mallard
distribution in the prairie pothole region. Wildl. Soc. Bull. 41: 116–124.
Jehl Jr., J.R. 1990. Aspects of the molt migration. Bird Migr. 102–113.
Johnson, C.J., Seip, D.R. & Boyce, M.S. 2004. A quantitative approach to conservation
planning: Using resource selection functions to map the distribution of mountain
caribou at multiple spatial scales. J. Appl. Ecol. 41: 238–251.
Johnson, D.H. 1980. The comparison of usage and availability measurements for evaluating
resource preference. Ecology 61: 65–71.
Johnson, D. H., and J. W. Grier. 1988. Determinants of breeding distributions of ducks.
Wildl. Mon. 100 3–37.
Johnson, G.D., Young, D.P., Erickson, W.R., Strickland, M.D. & Mcdonald, L.L. 1996.
Assessing river habitat selection by waterfowl wintering in the south Platte River,
110

Colorado. Wetlands 16: 542–547.
Johnson, K.P., McKinney, F. & Sorenson, M.D. 1999. Phylogenetic constraint on male
parental care in the dabbling ducks. Proc. R. Soc. B Biol. Sci. 266: 759–763.
Johnson, W.C., Werner, B., Guntenspergen, G.R., Voldseth, R.A., Millett, B., Naugle, D.E.,
Tulbure, M., Carroll, R.W.H., Tracy, J. & Olawsky, C. 2010. Prairie wetland complexes
as landscape functional units in a changing climate. Bioscience 60: 128–140.
Jones, J. 2001. Habitat Selection Studies in Avian Ecology: A Critical Review. Auk 118:
557–562.
Jones, J.P.G. 2011. Monitoring species abundance and distribution at the landscape scale. J.
Appl. Ecol. 48: 9–13.
Jones, N., Pejchar, L. & Kiesecker, J.M. 2015. The energy footprint: How oil, natural gas,
and wind energy affect land for biodiversity and the flow of ecosystem services.
Bioscience 65: 290–301.
Jönsson, K.I. 1997. Capital and income breeding as alternative tactics of resource use in
reproduction. Oikos 78: 57–66.
Joo, R., Boone, M.E., Clay, T.A., Patrick, S.C., Clusella-Trullas, S. & Basille, M. 2020.
Navigating through the r packages for movement. J. Anim. Ecol. 248–267.
Kaminski, M.R., Baldassarre, G.A., Davis, J.B., Wengert, E.R. & Kaminski, R.M. 2013.
Mallard survival and nesting ecology in the Lower Great Lakes Region, New York.
Wildl. Soc. Bull. 37: 778–786.
Kaminski, R.M. & Elmberg, J. 2014. An introduction to habitat use and selection by
111

waterfowl in the northern hemisphere. Wildfowl 9–16.
Kantrud, H.A. & Stewart, R.E. 1977. Use of natural basin wetlands by breeding waterfowl in
North Dakota. J. Wildl. Manage. 41: 243.
Kemink, K.M., Adams, V.M. & Pressey, R.L. 2020. Integrating dynamic processes into
waterfowl conservation prioritization tools. Divers. Distrib. 1–17.
Kemink, K.M., Gue, C.T., Loesch, C.R., Cressey, R.L., Sieges, M.L. & Szymanski, M.L.
2019. Impacts of oil and gas development on duck brood abundance. J. Wildl. Manage.
83: 1485–1494.
Kendeigh, S.C. 1945. Community selection by breeding birds on the Helderberg Plateau of
New York. 62.
Kesler, D.C., Raedeke, A.H., Foggia, J.R., Beatty, W.S., Webb, E.B., Humburg, D.D. &
Naylor, L.W. 2014. Effects of satellite transmitters on captive and wild Mallards. Wildl.
Soc. Bull. 38: 557–565.
Killick, R. & Eckley, I.A. 2014. Changepoint: An R package for changepoint analysis. J.
Stat. Softw. 58.
Killick, R., Fearnhead, P. & Eckley, I.A. 2012. Optimal detection of changepoints with a
linear computational cost. J. Am. Stat. Assoc. 107: 1590–1598.
Kirol, C.P., Kesler, D.C., Walker, B.L. & Fedy, B.C. 2020. Coupling tracking technologies to
maximize efficiency in avian research. Wildl. Soc. Bull. 44: 406–415.
Klett, A.T., Duebbert, H.F., Faanes, C.A. & Higgins, K.F. 1986. Techniques for Studying
Nest Success of Ducks in Upland Habitats in the Prairie Pothole Region.
112

Kleyheeg, E., van Dijk, J.G.B., Tsopoglou-Gkina, D., Woud, T.Y., Boonstra, D.K., Nolet,
B.A. & Soons, M.B. 2017. Movement patterns of a keystone waterbird species are
highly predictable from landscape configuration. Mov. Ecol., doi: 10.1186/s40462-0160092-7.
Korschgen, C.E. 1977. Breeding stress of female Eiders in Maine. J. Wildl. Manage. 41:
360–373.
Korschgen, C.E. & Dahlgren, R.B. 1992. Human disturbances of waterfowl: causes, effects,
and management. In: Waterfowl Management Handbook, p. 8.
Kozlowski, C.P., Bauman, K.L. & Asa, C.S. 2015. Reproductive behavior of the Great
Hornbill (Buceros bicornis). Zoo Biol. 34: 328–334.
Krapu, G.L., Greenwood, R.J., Dwyer, C.P., Kraft, K.M. & Cowardin, L.M. 1997. Wetland
use, settling patterns, and recruitment in Mallards. J. Wildl. Manage. 61: 736–746.
Kreisinger, J. & Albrecht, T. 2008. Nest protection in Mallards (Anas platyrhynchos):
Untangling the role of crypsis and parental behaviour. Funct. Ecol. 22: 872–879.
Krementz, D.G., Asante, K. & Naylor, L.W. 2012. Autumn migration of Mississippi flyway
Mallards as determined by satellite telemetry. J. Fish Wildl. Manag. 3: 238–251.
Kuczynski, E.C. & Paszkowski, C.A. 2010. Food-web relations of the horned grebe
(Podiceps auritus) on constructed ponds in the Peace Parkland, Canada. Wetlands 30:
853–863.
Kuczynski, E.C. & Paszkowski, C.A. 2012. Constructed borrow-pit wetlands as habitat for
aquatic birds in the Peace Parkland, Canada. ISRN Ecol. 2012: 1–13.
113

Lack, D. 1933. Habitat selection in birds with special reference to the effects of afforestation
on the Breckland Avifauna. J. Anim. Ecol. 2: 239–262.
Lack, D. 1966. Population Studies of birds. Clarendon Press.
Lamb, J.S., Paton, P.W.C., Osenkowski, J.E., Badzinski, S.S., Berlin, A.M., Bowman, T.,
Dwyer, C., Fara, L.J., Gilliland, S.G., Kenow, K., Lepage, C., Mallory, M.L., Olsen,
G.H., Perry, M.C., Petrie, S.A., Savard, J.P.L., Savoy, L., Schummer, M., Spiegel, C.S.
& McWilliams, S.R. 2020. Assessing year-round habitat use by migratory sea ducks in a
multi-species context reveals seasonal variation in habitat selection and partitioning.
Ecography (Cop.). 43: 1842–1858.
Lambin, E.F. & Meyfroidt, P. 2011. Global land use change, economic globalization, and the
looming land scarcity. Proc. Natl. Acad. Sci. U. S. A. 108: 3465–72.
Langin, K.M., Norris, D.R., Kyser, T.K., Marra, P.P. & Ratcliffe, L.M. 2006. Capital versus
income breeding in a migratory passerine bird: Evidence from stable-carbon isotopes.
Can. J. Zool. 84: 947–953.
Lele, S.R., Merrill, E.H., Keim, J. & Boyce, M.S. 2013. Selection, use, choice and
occupancy: Clarifying concepts in resource selection studies. J. Anim. Ecol. 82: 1183–
1191.
Lemelin, L.V., Darveau, M., Imbeau, L. & Bordage, D. 2010. Wetland use and selection by
breeding waterbirds in the boreal forest of Quebec, Canada. Wetlands 30: 321–332.
Lemelin, L.V., Imbeau, L., Darveau, M. & Bordage, D. 2007. Local, Short-term Effects of
Forest Harvesting on Breeding Waterfowl and Common Loon in Forest-Dominated
114

Landscapes of Quebec. Avian Conserv. Ecol. 2.
Loos, E.R. 1999. Incubation in blue-winged teal (Anas discors): Testing hypotheses of
incubation constancy, recess frequency, weight loss, and nest success. Louisiana State
University.
Loos, E.R. & Rohwer, F.C. 2004. Laying-stage nest attendance and onset of incubation in
prairie nesting ducks. Auk 121: 587–599.
Loss, S.R. 2016. Avian interactions with energy infrastructure in the context of other
anthropogenic threats. Condor 118: 424–432.
Ludlow, S.M. & Davis, S.K. 2018. Oil and natural gas development influence nest-site
selection and nest survival of upland-nesting waterfowl and shorebirds. Wildl. Soc. Bull.
42: 57–66.
Maccluskie, M.C. & Sedinger, J.S. 1999. Incubation behaviour of Northern Shovelers in the
subarctic: A contrast to the prairies. Condor 101: 417–421.
Mallory, M.L. & Weatherhead, P.J. 1993. Incubation rhythms and mass loss of Common
Goldeneyes. Condor 95: 849–859.
Manlove, C.A. & Hepp, G.R. 2000. Patterns of nest attendance in female Wood Ducks.
Condor 102: 286–291.
Martin, T.E. 1995. Avian life history evolution in relation to nest sites, nest predation, and
food. Ecol. Monogr. 65: 101–127.
Martin, T.E. 2002. A new view of avian life-history evolution tested on an incubation
paradox. Proc. R. Soc. B Biol. Sci. 269: 309–316.
115

Matthews, T.J. & Whittaker, R.J. 2015. On the species abundance distribution in applied
ecology and biodiversity management. J. Appl. Ecol. 52: 443–454.
Matthiopoulos, J., Fieberg, J., Aarts, G., Beyer, H.L., Morales, J.M. & Haydon, D.T. 2015.
Establishing the link between habitat selection and animal population dynamics. Ecol.
Monogr. 85: 413–436.
Mayor, S.J., Schneider, D.C., Schaefer, J.A. & Mahoney, S.P. 2009. Habitat selection at
multiple scales. Ecoscience 16: 238–247.
McCollin, D. 1998. Forest edges and habitat selection in birds: A functional approach.
Ecography (Cop.). 21: 247–260.
McConnell, M.D., Monroe, A.P., Burger, L.W. & Martin, J.A. 2017. Timing of nest
vegetation measurement may obscure adaptive significance of nest-site characteristics:
A simulation study. Ecol. Evol. 7: 1259–1270.
Mcdonald, R.I., Fargione, J., Kiesecker, J., Miller, W.M. & Powell, J. 2009. Energy sprawl
or energy efficiency: Climate policy impacts on natural habitat for the United States of
America. J.P. Northwest. Univ. 4.
McDuie, F., Casazza, M.L., Overton, C.T., Herzog, M.P., Hartman, C.A., Peterson, S.H.,
Feldheim, C.L. & Ackerman, J.T. 2019. GPS tracking data reveals daily spatio-temporal
movement patterns of waterfowl. Mov. Ecol. 7: 1–17.
McGarigal, K., Wan, H.Y., Zeller, K.A., Timm, B.C. & Cushman, S.A. 2016. Multi-scale
habitat selection modeling: a review and outlook. Landsc. Ecol. 31: 1161–1175.
Mckenzie, H.W., Merrill, E.H., Spiteri, R.J. & Lewis, M.A. 2012. How linear features alter
116

predator movement and the functional response. Interface Focus 2: 205–216.
McLoughlin, P.D., Dunford, J.S. & Boutin, S. 2005. Relating predation mortality to broadscale habitat selection. J. Anim. Ecol. 74: 701–707.
McLoughlin, P.D., Morris, D.W., Fortin, D., Vander Wal, E. & Contasti, A.L. 2010.
Considering ecological dynamics in resource selection functions. J. Anim. Ecol. 79: 4–
12.
Meattey, D.E., McWilliams, S.R., Paton, P.W.C., Lepage, C., Gilliland, S.G., Savoy, L.,
Olsen, G.H. & Osenkowski, J.E. 2019. Resource selection and wintering phenology of
White-winged Scoters in southern New England: Implications for offshore wind energy
development. Condor 121: 1–18.
Meyer, C.B. & Thuiller, W. 2006. Accuracy of resource selection functions across spatial
scales. Divers. Distrib. 12: 288–297.
Mitchell, L.J., White, P.C.L. & Arnold, K.E. 2019. The trade-off between fix rate and
tracking duration on estimates of home range size and habitat selection for small
vertebrates. PLoS One 14: 1–20.
Morris, L.R., Proffitt, K.M. & Blackburn, J.K. 2016. Mapping resource selection functions in
wildlife studies: Concerns and recommendations. Appl. Geogr. 76: 173–183.
Muff, S., Signer, J. & Fieberg, J. 2019. Accounting for individual-specific variation in
habitat-selection studies: Efficient estimation of mixed-effects models using Bayesian or
frequentist computation. J. Anim. Ecol. 80–92.
Muhly, T.B., Johnson, C.A., Hebblewhite, M., Neilson, E.W., Fortin, D., Fryxell, J.M.,
117

Latham, A.D.M., Latham, M.C., McLoughlin, P.D., Merrill, E., Paquet, P.C., Patterson,
B.R., Schmiegelow, F., Scurrah, F. & Musiani, M. 2019. Functional response of wolves
to human development across boreal North America. Ecol. Evol. 9: 10801–10815.
Mumma, M.A., Gillingham, M.P., Johnson, C.J. & Parker, K.L. 2019. Functional responses
to anthropogenic linear features in a complex predator-multi-prey system. Landsc. Ecol.
34: 2575–2597.
Murkin, H.R., Murkin, E.J. & Ball, J.P. 1997. Avian habitat selection and prairie wetland
dynamics: A 10-year experiment. Ecol. Appl. 7: 1144–1159.
Naugle, D.E. 2011. Energy development and wildlife conservation in western North America
(D. E. Naugle, ed). Island Press.
NAWMP. 2018. 2018 North American waterfowl management plan (NAWMP) Update Connecting people, waterfowl, and wetlands.
Nocera, J.J. & Bett, M.G. 2010. Special section: Social information and avian habitat
selection: The role of social information in avian habitat selection. Condor 112: 222–
224.
Northrup, J.M., Hooten, M.B., Anderson, C.R.J. & Wittemyer, G. 2013. Practical guidance
on characterizing availability in resource selection functions under a use–availability
design. Ecol. Soc. Am. 94: 1456–1463.
Nudds, T.D. 1977. Quantifying the vegetative structure of wildlife cover. Wildl. Soc. Bull. 5:
113–117.
O’Neal, B.J., Stafford, J.D., Larkin, R.P. & Michel, E.S. 2018. The effect of weather on the
118

decision to migrate from stopover sites by autumn-migrating ducks. Mov. Ecol. 6: 1–9.
Olson, R. & Rohwer, F.C. 1998. Effects of human disturbance on success of artificial duck
nests. J. Wildl. Manage. 62: 1142–1146.
Orians, G.H. & Wittenberber, J.F. 1991. Spatial and temporal scales in habitat selection. Am.
Nat. Nat. 137: 29–49.
Palumbo, M.D., Petrie, S.A., Schummer, M., Rubin, B.D. & Bonner, S. 2019. Mallard
resource selection trade-offs in a heterogeneous environment during autumn and winter.
Ecol. Evol. 9: 1798–1808.
Pasher, J., Seed, E. & Duffe, J. 2013. Development of boreal ecosystem anthropogenic
disturbance layers for Canada based on 2008 to 2010 Landsat imagery. Can. J. Remote
Sens., doi: 10.5589/m13-007.
Pasitschniak-Arts, M., Clark, R.G. & Messier, F. 1998. Duck nesting success in a fragmented
prairie landscape: Is edge effect important? Biol. Conserv. 85: 55–62.
Pavón-Jordán, D., Santangeli, A. & Lehikoinen, A. 2017. Effects of flyway-wide weather
conditions and breeding habitat on the breeding abundance of migratory boreal
waterbirds. J. Avian Biol., doi: 10.1111/jav.01125.
Pearse, A.T., Kaminski, R.M., Reinecke, K.J. & Dinsmore, S.J. 2012. Local and landscape
associations between wintering dabbling ducks and wetland complexes in Mississippi.
Wetlands 32: 859–869.
Pieron, M.R. & Rohwer, F.C. 2010. Effects of large-scale predator reduction on nest success
of upland nesting ducks. J. Wildl. Manage. 74: 124–132.
119

Pimentel, D., Herz, M., Glickstein, M., Zimmerman, M., Allen, R., Becker, K., Evans, J.,
Hussain, B., Sarsfeld, R., Grosfeld, A. & Seidel, T. 2002. Renewable energy: Current
and potential. Bioscience 52: 1111–1120.
Polfus, J.L., Hebblewhite, M. & Heinemeyer, K. 2011. Identifying indirect habitat loss and
avoidance of human infrastructure by northern mountain Woodland Caribou. Biol.
Conserv. 144: 2637–2646.
Powell, R.A. 2000. Animal home ranges and territories and home range estimators. In:
Research Techniques in Animal Ecology (L. Boitani & T. K. Fuller, eds), pp. 65–103.
Columbia University Press, New York.
Prairie Habitat Joint Venture. 2014. Prairie Habitat Joint Venture Implementation Plan
2013-2020: The Western Boreal Forest.
Pratte, I., Davis, S.E., Maftei, M. & Mallory, M.L. 2016. Aggressive neighbors and dense
nesting: nest site choice and success in high-Arctic Common Eiders. Polar Biol. 39:
1597–1604.
Prince, H.H., Siegel, P.B. & Cornwell, G.W. 1969. Incubation environment and the
development of Mallard embryos. J. Wildl. Manage. 33: 589–595.
Prokopenko, C.M., Boyce, M.S. & Avgar, T. 2017. Extent-dependent habitat selection in a
migratory large herbivore: road avoidance across scales. Landsc. Ecol. 32: 313–325.
R Core Team. 2019. R: A language and environment for statistical computing.
Randa, L.A. & Yunger, J.A. 2006. Carnivore occurrence along an urban-rural gradient: A
landscape-level analysis. J. Mammal. 87: 1154–1164.
120

Rich, A.C., Dobkin, D.S. & Niles, L.J. 1999. Defining forest fragmentation by corridor
width: the influence of narrow forest-dividing corridors on forest-nesting birds in
southern New Jersey. NCASI Tech. Bull. 2: 440.
Ricklefs, R.E. 1969. An analysis of nesting mortality in birds. Smithson. Contrib. to Zool. 1–
48.
Ricklefs, R.E. 2000. Lack, Skutch, and Moreau: The early development of life-history
thinking. Condor 102: 3–8.
Ringelman, J., Longcore, J. & Owen, R. 1982. Nest and brood attentiveness in female black
ducks. Condor 84: 110.
Ringelman, K.M. & Stupaczuk, M.J. 2013. Dabbling ducks increase nest defense after partial
clutch loss. Condor 115: 290–297.
Robel, R.J., Briggs, J.N., Dayton, A.D. & Hulbert, L.C. 1970. Relationships between visual
obstruction measurements and weight of grassland vegetation. J. Range Manag. 23:
295–297.
Robertson, G.J. 1995. Factors affecting nest site selection and nesting success in the
Common Eider (Somateria mollissima). Ibis (Lond. 1859). 137: 109–115.
Rohwer, F.C. & Anderson, M.G. 1988. Female-biased philopatry, monogamy, and the timing
of pair formation in migratory waterfowl. Curr. Ornithol. 187–221.
Romanoff, A.L. & Romanoff, A.J. 1972. Pathogenesis of the avian embryo: an analysis of
causes of malformations and prenatal death. Wiley-Interscience., New York.
Roy, C.L. 2018. Nest and brood survival of ring-necked ducks in relation to anthropogenic
121

development and wetland attributes. Avian Conserv. Ecol. 13.
Ryall, K.L. & Fahrig, L. 2006. Response of predators to loss and fragmentation of prey
habitat: A review of theory. Ecology 87: 1086–1093.
Salomonsen, F. 1968. The moult migration. Wildfowl 19: 5–24.
Santhoshkumar, E. & Balasubramanian, P. 2010. Breeding behaviour and nest tree use by
Indian Grey Hornbill (Ocyceros birostris) in the eastern Ghats, India. Forktail 26: 82–
85.
Sauter, A., Korner, P., Fiedler, W. & Jenni, L. 2012. Individual behavioural variability of an
ecological generalist: Activity patterns and local movements of Mallards (Anas
platyrhynchos) in winter. J. Ornithol. 153: 713–726.
Schmiegelow, F.K.A. & Mönkkönen, M. 2002. Habitat loss and fragmentation in dynamic
landscapes: avian perspectives from the boreal forest. Ecol. Appl. 12: 375–389.
Schneider, E.G. & Mcwilliams, S.R. 2007. Using nest temperature to estimate nest
attendance of piping plovers. J. Wildl. Manage. 71: 1998–2006.
Schneider, R. & Dyer, S. 2006. Death by a thousand cuts: Impacts of in situ oil sand
development on Alberta’s boreal forest.
Setash, C.M., Kendall, W.L. & Olson, D. 2020. Factors influencing Cinnamon Teal nest
attendance patterns. Ibis (Lond. 1859)., doi: 10.1111/ibi.12838.
Sharp, D.E. & Lokemoen, J.T. 1987. A decoy trap for breeding-season Mallards in North
Dakota. J. Wildl. Manage. 51: 711–715.
Shonfield, J., and E. M. Bayne. 2017. The effects of industrial noise on owl occupancy in the
122

boreal forest at multiple spatial scales. Avian Conserv Ecol. 12:13.
Si, Y., Xu, Y., Xu, F., Li, X., Zhang, W., Wielstra, B., Wei, J., Liu, G., Luo, H., Takekawa,
J., Balachandran, S., Zhang, T., de Boer, W.F., Prins, H.H.T. & Gong, P. 2018. Spring
migration patterns, habitat use, and stopover site protection status for two declining
waterfowl species wintering in China as revealed by satellite tracking. Ecol. Evol. 8:
6280–6289.
Signer, J., Fieberg, J. & Avgar, T. 2019. Animal movement tools (amt): R package for
managing tracking data and conducting habitat selection analyses. Ecol. Evol. 9: 880–
890.
Simpson, J.W., Yerkes, T., Nudds, T. & Smith, B.D. 2007. Effects of habitat on Mallard
duckling survival in the Great Lakes region. J. Wildl. Manage., doi: 10.2193/2006-204.
Simpson, J.W., Yerkes, T.J., Smith, B.D. & Nudds, T.D. 2005. Mallard duckling survival in
the Great Lakes region. Condor 107: 898–909.
Singer, H. V., Slattery, S.M., Armstrong, L. & Witherly, S. 2020. Assessing breeding duck
population trends relative to anthropogenic disturbances across the boreal plains of
Canada, 1960–2007. Avian Conserv. Ecol. 15: 1.
Skaggs, C.G., Ringelman, K.M., Loesch, C.R., Szymanski, M.L., Rohwer, F.C. & Kemink,
K.M. 2020. Proximity to oil wells in North Dakota does not impact nest success of
ducks but lowers nest densities. Condor 122: 1–15.
Skutch, A.F. 1957. The Incubation Patterns of Birds. Ibis (Lond. 1859). 99.
Skutch, A.F. 1962. The constancy of incubation. Wilson Bull. 74: 115–152.
123

Slattery, S.M., Morissette, J.L., Mack, G.G. & Butterworth, E.W. 2011. Waterfowl
Conservation Planning. In: Boreal Birds of North America: a hemispheric view of their
conservation links and significance. (J. V. Wells, ed), pp. 23–40. University of
California Press, Berkley, CA.
Smith, K.B., Smith, C.E., Forest, S.F. & Richard, A.J. 2007. A field guide to the wetlands of
the boreal plains ecozone of Canada. 98.
Southwick, C. 1953. A system of age classification for field studies of waterfowl broods. J.
Wildl. Manage. 17: 1.
Stafford, J.D., Janke, A.K., Webb, E.B. & Chipps, S.R. 2016. Invertebrates in Managed
Freshwater Marshes. In: Invertebrates in Freshwater Wetlands: An International
Perspective on Their Ecology (D. Batzer & D. Boix, eds), pp. 565–600.
Steffen, W., Persson, Å., Deutsch, L., Zalasiewicz, J., Williams, M., Richardson, K.,
Crumley, C., Crutzen, P., Folke, C., Gordon, L., Molina, M., Ramanathan, V.,
Rockström, J., Scheffer, M., Schellnhuber, H.J. & Svedin, U. 2011. The anthropocene:
From global change to planetary stewardship. Ambio 40: 739–761.
Stephens, P.A., Boyd, I.L., McNamara, J.M. & Houston, A.I. 2009. Capital breeding and
income breeding: Their meaning, measurement, and worth. Ecology 90: 2057–2067.
Straub, J.N., Gates, R.J., Schultheis, R.D., Yerkes, T., Coluccy, J.M. & Stafford, J.D. 2012.
Wetland food resources for spring-migrating ducks in the Upper Mississippi River and
Great Lakes region. J. Wildl. Manage. 76: 768–777.
Thom, D. & Seidl, R. 2016. Natural disturbance impacts on ecosystem services and
124

biodiversity in temperate and boreal forests. Biol. Rev. Camb. Philos. Soc. 91: 760–781.
Thomson, R.L., Forsman, J.T. & Mönkkönen, M. 2003. Positive interactions between
migrant and resident birds: Testing the heterospecific attraction hypothesis. Oecologia
134: 431–438.
Thurfjell, H., Ciuti, S. & Boyce, M.S. 2014. Applications of step-selection functions in
ecology and conservation. Mov. Ecol. 2: 1–12.
Timoney, K.P. 2003. The changing disturbance regime of the boreal forest of the Canadian
prairie provinces. For. Chron. 79: 502–516.
Tinbergen, J.M. & Williams, J.B. 2002. Energetics of incubation. In: Avian incubation
behaviour, environment and evolution (D. C. Deeming, ed), pp. 299–313. Oxford
University Press, Oxford, United Kingdom.
Tonra, C.M. & Reudink, M.W. 2018. Expanding the traditional definition of molt-migration.
Auk 135: 1123–1132.
Trombulak, S.C. & Frissell, C.A. 2000. Review of ecological effects of roads on terrestrial
and aquatic communities. Conserv. Biol. 14: 18–30.
Tucker, M.A., Böhning-gaese, K., Fagan, W.F., Fryxell, J.M., Moorter, B. Van, Alberts,
S.C., Ali, A.H., Allen, A.M., Attias, N., Avgar, T., Bartlam-brooks, H., Bayarbaatar, B.,
Belant, J.L., Bertassoni, A., Beyer, D., Bidner, L., Beest, F.M. Van, Blake, S., Blaum,
N., Bracis, C., Brown, D., Bruyn, P.J.N. De, Cagnacci, F., Diefenbach, D., Douglashamilton, I., Fennessy, J., Fichtel, C., Fiedler, W., Fischer, C., Fischhoff, I., Fleming,
C.H., Ford, A.T., Fritz, S.A., Gehr, B., Goheen, J.R., Gurarie, E., Hebblewhite, M.,
125

Heurich, M., Hewison, A.J.M., Hof, C., Hurme, E., Isbell, L.A., Janssen, R., Jeltsch, F.,
Kaczensky, P., Kane, A., Kappeler, P.M., Kauffman, M., Kays, R., Kimuyu, D., Koch,
F., Kranstauber, B., Lapoint, S., Mattisson, J., Medici, E.P., Mellone, U., Merrill, E.,
Morrison, T.A., Díaz-muñoz, S.L., Mysterud, A., Nandintsetseg, D., Nathan, R., Niamir,
A., Odden, J., Hara, R.B.O., Oliveira-santos, L.G.R., Olson, K.A., Patterson, B.D.,
Paula, R.C. De, Pedrotti, L., Reineking, B. & Rimmler, M. 2018. Moving in the
anthropocene: Global reductions in terrestrial mammalian movements. Science (80).
359: 466–469.
Turner, B. L., E. F. Lambin, and A. Reenberg. 2008. The emergence of land change science
for global environmental change and sustainability. PNAS 105 (7).
Van Tyne, J. & Berger, A.J. 1959. Fundamentals of Ornithology. John Wiley & Sons, Ltd,
New York.
Wagner, L., Ross, I., Foster, J. & Hankamer, B. 2016. Trading off global fuel supply, CO2
emissions and sustainable development. PLoS One 11: 1–17.
Webb, D.R. 1987. Thermal tolerance of avian embryos: A review. Condor 89: 874–898.
Weller, M.W. 1956. A simple field candler for waterfowl eggs. J. Wildl. Manage. 20: 111–
113.
Wells, J. V. 2011. Boreal forest threats and conservation status. In: Boreal Birds of North
America: a hemispheric view of their conservation links and significance. (J. V. Wells,
ed), pp. 1–6. University of California Press, Berkley, CA.
Weston, M.A., Ekanayake, K.B., Lomas, S., Glover, H.K., Mead, R.E., Cribbin, A., Tan,
126

L.X.L., Whisson, D.A., Maguire, G.S. & Cardilini, A.P.A. 2017. Case studies of
motion-sensing cameras to study clutch survival and fate of real and artificial groundnests in Australia. Bird Study 64: 476–491.
White, F.N. & Kinney, J.L. 1974. Avian incubation. Science (80-. ). 186: 107–115.
Wiegand, T., Revilla, E. & Moloney, K.A. 2005. Effects of habitat loss and fragmentation on
population dynamics. Conserv. Biol. 19: 108–121.
Wiens, J.A. 1973. Pattern and process in grassland bird communities. Ecol. Monogr. 43:
237–270.
Wilson, R.E., Eaton, M.D. & McCracken, K.G. 2012. Plumage and body size differentiation
in Blue-winged teal and Cinnamon teal. Avian Biol. Res. 5: 107–116.
Wood, S.N. 2011. Fast stable restricted maximum likelihood and marginal likelihood
estimation of semiparametric generalized linear models. J. R. Stat. Soc. Ser. B Stat.
Methodol. 73: 3–36.
Wootton, J.T. 1994. The nature and consequences of indirect effects in ecological
communities. Annu. Rev. Ecol. Syst. 25: 443–466.
Yarris, G.S. & McLandress, M.R. 1994. Molt migration of postbreeding female Mallards
from Suisun Marsh, California. Condor 96: 36–45.
Yerkes, T. 2000. Nest-site characteristics and brood-habitat selection of redheads: An
association between wetland characteristics and success. Wetlands 20: 575–580.
Zeller, K.A., Vickers, T.W., Ernest, H.B. & Boyce, W.M. 2017. Multi-level, multi-scale
resource selection functions and resistance surfaces for conservation planning: Pumas as
127

a case study. PLoS One 12: 1–20.
Zhao, Q., Arnold, T.W., Devries, J.H., Howerter, D.W., Clark, R.G. & Weegman, M.D.
2019. Land ‐ use change increases climatic vulnerability of migratory birds: Insights
from integrated population modelling. J. Anim. Ecol. 00: 1–13.
Zicus, M.C. 1995. Common Goldeneye nest attendance patterns. 97: 461–472.
Zurr, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. 2009. Mixed Effects
Models and Extensions in Ecology with R.

128

