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Preface to ”Boreal Bird Ecology, Management and

Conservation”

A recent study in Science reported a 29% decline in the North American bird population over

50 years. The loss of almost 3 billion birds is mirrored in Europe and indicates a widespread

ecological crisis that may have resulted from loss and degradation of habitat, especially due to

agricultural intensification and urbanization. In the Americas, Partners in Flight lists many Temperate

Breeders of High Tri-National Concern (e.g., Bicknell’s Thrush, Olive-sided Flycatcher, and Canada

Warbler) at risk from habitat loss, contaminants, exotic species, climate change, and threats to

their breeding, stopover and wintering grounds. This Special Issue, titled “Boreal Bird Ecology,

Management, and Conservation”, aims to present the current state of knowledge on boreal bird

diversity, ecology, management, and conservation. As an important component of boreal habitats,

the taxonomic and functional aspects of the avian community are key to conservation measures and

can indicate the effects of anthropogenic activity on boreal habitats worldwide. The original research

and observations in this Special Issue will aid policymakers, scientists, and others in understanding

and protecting bird species and their boreal habitats.

Stacy McNulty, Michale Glennon

Editors
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The circumpolar boreal forest covers approximately 12,000,000 km2 and is one of the
world’s most extensive biomes. Despite its geographic extent, the boreal forest supports
relatively low avian diversity, with roughly 400 species breeding in the region world-
wide [1–3]. Sparse human population, limited transportation infrastructure, short breeding
seasons, extensive wetlands, and high densities of blood-sucking insects provide significant
challenges for field work in boreal ecosystems, and comprehensive monitoring of most
boreal bird populations is largely impractical. Recent evidence of significant declines
in North American [4] and European [5] bird populations highlight the importance of
understanding the ecology of and threats to boreal species.

This Special Issue of Diversity, titled “Boreal Bird Ecology, Management, and Conser-
vation,” contributes to the current state of knowledge on boreal bird diversity, ecology,
management, and conservation. Nine papers describe bird species’ distribution and abun-
dance, biogeography, life history, habitat associations, genetics, population demographics,
impact of climate change, land use and planning, and extinction risk across the boreal and
temperate/boreal ecotone. As these papers posit, taxonomic and functional aspects of
the boreal avian community are key to conservation measures and can indicate effects of
anthropogenic activity on boreal habitats worldwide.

In this overview, we highlight new insights and points of synergy between them.
We also identify information gaps that hinder population management and the future
persistence of these species. The majority of papers in this Special Issue describe boreal
birds in a North American context. Several papers highlight issues occurring in the
transition zone at the southern edge of the boreal zone in New England and Maritime
Canada. Additionally, several papers provide new insight into the ecology of a species
of high conservation concern, the Rusty Blackbird (Euphagus carolinus). Here, we provide
brief overviews of the Special Issue’s papers.

Ralston and DeLuca [6] focus on boreal birds at the southern periphery of their range
in the northeastern US and southern Canada, and summarize lessons from a decade of
research focused on this “battle ground” of environmental change. These authors review
and discuss findings of several researchers, including genetic variability at the range
margin, impacts of climate change and predicted changes in climate suitability for several
species, regional trends for both northeastern and midwestern US boreal bird populations,
factors influencing persistence of boreal forest-breeding birds at the southern edge of
their distribution, and distributional shifts in response to climate change, community
composition, and nest predators. They highlight the unique and specific threats to boreal
birds in this geography and the variability in avian responses to changing conditions
that pose management challenges for the community as a whole. They also highlight
complex shifts in community composition that create a potential for novel ecological
interactions and hybridization, and further complicate efforts to find management solutions
for declining populations. Open questions remain concerning habitat associations of boreal
birds in this region and the degree to which habitat factors associated with stable or

Diversity 2021, 13, 206. https://doi.org/10.3390/d13050206 https://www.mdpi.com/journal/diversity
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increasing populations differ throughout this zone. Additionally, unknown are the long-
term consequences of community-level changes resulting in non-analogous communities
and new ecological interactions that have evolutionary implications. Continued, expanded,
and coordinated monitoring of boreal bird population trends in this geography will be
critical to addressing and reversing population declines.

Addressing multiple species of boreal birds in Scandinavia, Virkkala et al. [7] assess the
degree to which topographic heterogeneity can increase a landscape’s buffering capacity
against potential impacts of climate change on boreal birds. They suggest that terrain
heterogeneity can buffer effects of climate-induced changes on species and ecological
systems by providing local temperature variability over smaller distances compared to
flatter, more homogeneous areas. Though most support for this hypothesis comes from
modeling studies, the authors investigated temporal changes in bird species densities in
protected areas in Finland and their relationship to variation in local temperature, while
taking into account broad-scale air temperature (macroclimate) and protected area size.
Boreal bird species density was higher in topographically heterogeneous regions, and
changes in bird density were smaller in protected areas with higher topographic variation,
providing support for a buffering effect stemming from local temperature variation. The
topographic variation in their study area was relatively small, suggesting that the buffering
impacts of local air temperatures may not require large elevational gradients. These
findings provide support for the protection of topographically heterogeneous areas in large
tracts where possible, or potentially in a connected network of smaller sites.

In keeping with the theme of heterogeneity and climate change extinction risk, West-
wood et al. [8] focused on the Canada Warbler (Cardellina canadensis), a species of conserva-
tion concern, and where it breeds in Canada and the U.S. The authors evaluated a range
of conservation planning scenarios to prioritize areas for permanent land conservation or
“responsible forest management” (minimizing species removal during forest harvesting
while promoting colonization of regenerated forest). They used Canada Warbler popu-
lation density, connectivity to protected areas, future climate suitability, anthropogenic
disturbance, and recent Canada warbler observations to prioritize potential conservation
areas and assessed scenarios with a range of dispersal distances. Large dispersal distances
resulted in prioritization of a few large areas, while smaller dispersal distances prioritized
smaller, more widely distributed areas. These findings highlight the importance of consid-
ering dispersal distance as well as anticipated future habitat conditions in setting priorities
for long-term conservation. Empirical data on these aspects of life history may improve
similar modeling and planning efforts for other boreal bird species.

Lamarre and Tremblay [9] assessed habitat associations for a declining boreal bird, the
American Three-toed Woodpecker, Picoides dorsalis. Disturbance from forest management
in the eastern range of this woodpecker has caused major losses of old-growth spruce
habitat favored by this species. The authors assessed the influence of habitat characteristics
at the stand and landscape scales on occupancy of three-toed woodpecker during the
breeding season in a heavily managed landscape in eastern Canada. The species exhibited
a very low occupancy rate that decreased rapidly with increasing area of recent clearcutting
at the stand scale. Occupancy was positively associated with the extent of old spruce forest.
These authors suggest that regional logging history may have created a forest landscape
that is unable to support long-term occupancy of American Three-toed Woodpecker, and
describe parallel losses of old growth forest bird species in Fennoscandia. They recommend
that within these boreal systems, conservation strategies must extend beyond a network
of protected areas to incorporate management strategies in unprotected regions that can
benefit old-growth dependent species and help to prevent further declines.

Five papers expand our knowledge base for Rusty Blackbirds (Euphagus carolinus).
Since Russ Greenberg and Sam Droege [10] identified this boreal wetland species as
deserving enhanced study in 1999, much effort has contributed to better documentation of
the bird’s life history, habitat associations, and management concerns. Wilson et al.’s [11]
assessment of genetic structure illuminated a continental population divide and a distinct
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group of Rusty Blackbirds in Newfoundland. The authors noted several landscape-scale
genomic and demographic patterns, including an east–west partition consistent with
separation during the last glacial maximum, a possible contact zone in Ontario, and limited
gene flow between birds breeding in western and eastern North America. This evidence
collectively suggests that current genomic variation in Rusty Blackbird populations results
from both historical and contemporary processes, and that the capacity of Rusty Blackbirds
to respond to rapid environmental change may be limited.

With Newfoundland as the home of one of only two known subspecies (E. c. nigrans),
environmental changes and land management actions there may have important implica-
tions for the continent’s eastern Rusty Blackbirds. Manson et al. [12] used forest resource
inventory data and red squirrel presence to model Rusty Blackbird habitat occupancy in
western Newfoundland. This 108,860 km2 island off Canada’s Atlantic coast hosts some of
the highest known breeding densities of Rusty Blackbirds, and its landscape includes abun-
dant old growth forest, which is rare in other parts of the breeding range. As documented
elsewhere across boreal North America, lakes, ponds, rivers, streams, and bogs were strong
predictors of Rusty Blackbird occupancy. Red squirrels are known nest predators, but did
not appear to have a strong influence on blackbird habitat occupancy. The high breeding
density, slower rate of decline, and genetic uniqueness of Newfoundland’s Rusty Blackbird
population justify further attention to the full life cycle ecology of these birds in comparison
to populations on the North American mainland.

The use of wetlands for foraging is a hallmark of Rusty Blackbird ecology, and the birds
are well-known both for capturing aerial insects and for foraging on vegetated edges of
beaver ponds and similar wetland sites. Pachomski et al. [13] assessed aquatic invertebrate
communities in occupied wetlands and found that prey abundance is positively associated
with wetland occupancy by Rusty Blackbirds. The authors evaluated both remotely sensed
and field-documented habitat variables and determined that the strongest predictors of
Rusty Blackbird occupancy were wetlands with the lowest mud cover. Aquatic invertebrate
abundance is another important predictor of wetland occupancy by Rusty Blackbirds,
which is expected given the prevalence of those items in the bird’s diet. In addition to
landscape variables, fine-scale features can be useful in identifying potential foraging
habitat and prioritizing areas for protection of Rusty Blackbird breeding habitat. Rusty
Blackbird detection was highest during the chick-rearing stage, when adults were less
secretive than during the earlier nest-building and incubation periods. The authors’ survey
methodology included a thirty-minute count period, which is three times longer than
is typically used in songbird point counts. This longer sampling window may have
implications for improving detection in understudied areas of the bird’s range such as
interior Canada, and for detection and occupancy modeling of other cryptic or hard to
detect species.

When a young boreal bird leaves the nest, it risks potential injury or death as it
first navigates the world. Thus, understanding survival, habitat use, and post-fledging
ecology of both young-of-year and adult birds is important. Wohner et al. [14] provide
novel information about Rusty Blackbird use of wetlands during the post-nesting period.
Fledglings were likely to be closer to streams and in denser stands of sapling conifers
and mixed-woods than adult birds. Further, while it is heartening that juvenile Rusty
Blackbirds had higher survival than many other similar-sized species, survival of adults
post-fledging was relatively low, suggesting the species may experience a gauntlet of
predation or other stressors through which some adults do not pass. While the cause of this
lower adult survival is unknown, this new information may help direct further research on
other post-fledging boreal birds and their habitats.

An exciting development involving citizen science has implications for wintering
habitat of boreal birds. Evans et al. [15] used public data from the Rusty Blackbird Winter
Blitz and the eBird database to model flock size and patterns of space use in the south-
eastern United States. They found that forest cover was the driver of Rusty Blackbird
occupancy of floodplain forests, while average minimum temperature was also a factor in
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flock distribution. The research team found large flocks are best supported by a specific
environmental niche, while smaller flocks could occupy a broader range of environmental
conditions. Identification of several hotspots of wintering Rusty Blackbirds in the Lower
Mississippi Alluvial Valley, the South Atlantic Coastal Plain, and the Black Belt Prairie can
direct future conservation and habitat management efforts. Southern wintering grounds
have experienced significant habitat loss, fragmentation and conversion to other land use
types, and for a social species like the Rusty Blackbird, access to large wetland forests can
help the birds maintain bonds as well as survive, if not thrive, to return to the boreal forest
for another summer.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Many North American boreal forest birds reach the southern periphery of their distribution
in the montane spruce–fir forests of northeastern United States and the barren coastal forests of
Maritime Canada. Because the southern periphery may be the first to be impacted by warming
climates, these populations provide a unique opportunity to examine several factors that will influence
the conservation of this threatened group under climate change. We discuss recent research on boreal
birds in Northeastern US and in Maritime Canada related to genetic diversity, population trends in
abundance, distributional shifts in response to climate change, community composition, and threats
from shifting nest predators. We discuss how results from these studies may inform the conservation
of boreal birds in a warming world as well as open questions that need addressing.

Keywords: range periphery; spruce–fir forests; climate change; range shift; community dynamics

1. Introduction

The North American boreal forest covers approximately 600 million ha of land across northern
United States and Canada and is home to up to 3 billion breeding birds of more than 300 species [1].
Still a relatively undisturbed ecosystem across much of its extent, the boreal forest is perhaps the
most productive ecosystem for birds in North America [2]. Yet the boreal forest faces considerable
threats from various environmental pressures—perhaps the most important of which is climate
change. High-latitude ecosystems such as boreal forests are expected to experience the greatest
temperature changes in the coming decades [3], increased frequency of wildfires [4], and major
changes in biodiversity [5]. As a result, boreal birds are among the most threatened bird communities
by ongoing climate change [6,7]. This highlights the importance of understanding the ecology of
boreal populations currently being impacted by climate change, and using that information to inform
conservation action across the boreal.

The boreal forest reaches its southern and eastern peripheries in the low-lying wetlands and
montane forests of northeastern United States and in coastal barren forests of maritime Canada [8,9]
(Figure 1). These peripheral populations are likely to be the first to experience the ecological
consequences of ongoing anthropogenic climate change. Southern periphery high-elevation populations
are expected to be the first to be extirpated as habitats become unsuitable and species’ distributions shift
in response [10–12]. Additionally, as temperate species from further south shift into higher latitudes,
southern boreal species will experience novel ecological interactions via competition, predation,
and disease—each of which may impact population trends and community structure [12–15]. Lastly,
southern boreal forests are impacted by recreation, land use change, development and disturbance
associated with human populations at a much higher rate than the relatively undisturbed boreal forests
further north [12,16–20]. For these reasons, we describe the southern boreal forest in northeastern
United States and southern Canada as the current “battle ground” of environmental change for the

Diversity 2020, 12, 257; doi:10.3390/d12060257 www.mdpi.com/journal/diversity5
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boreal forest. Studies of ecological change and the impacts of climate change in these peripheral
populations may therefore provide insight into how climate change will continue to impact boreal
forests more broadly in the years to come. Here, we review approximately a decade of research in the
southern periphery of the boreal forest, and synthesize several conservation lessons as well as ongoing
questions related to the impacts of climate change on this community.

Figure 1. North American boreal forest (green) and a general approximation of its southern periphery
(brown), where most of the studies reviewed here took place. The boreal forest and the southern
periphery were identified by Bird Conservation Regions 4, 6, 7, 8, 12, and 14.

2. Peripheral Populations of Boreal Birds Are Genetically Unique, Threatened by Climate
Change, and Declining

Because southern peripheral populations are geographically disjunct, they may represent an
‘archipelago’ of independently evolving populations isolated from gene flow and holding unique
genetic diversity important to conserve under climate change [21,22]. In an analysis of microsatellite
diversity, Ralston and Kirchman [11] found that southern peripheral populations of Blackpoll Warblers
(Setophaga striata) in montane forests of northeastern United States may hold as much as 10% of the
allelic richness in this species. An analysis of mitochondrial haplotypes across four species of boreal
birds also found a periphery effect, with greater differences in genetic diversity between peripheral
populations than between populations across the contiguous boreal forest [23]. This effect varied across
species, with Blackpoll Warbler and Canada Jay (Perisoreus canadensis) showing a larger effect than
Boreal Chickadee (Poecile hudsonica) and Yellow-bellied Flycatcher (Empidonax flaviventris), suggesting
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the isolating effect of peripheral populations may vary across species [23]. As populations decline at
the southern periphery of the boreal, it is likely that this unique genetic diversity will be eroded [11,24].

In addition to southern peripheral populations, Newfoundland, an eastern peripheral isolate,
has been shown to contain genetically unique populations of several boreal bird species including
Canada Jay [25,26], Boreal Chickadee [27], Blackpoll Warbler [28], Gray-cheeked Thrush (Catharus
minimus) [29], and Fox Sparrow (Passerella iliaca) [30]. Genetic divergence on Newfoundland may be
due to isolation during the Pleistocene in a refugium located at the now submerged Grand Banks area
east of modern day Newfoundland [25,27], or due to limited modern gene flow between Newfoundland
and continental populations [23,28].

In addition to unique intraspecific genetic diversity observed in several species, the southern
boreal forest is also home to an endemic bird species. The Bicknell’s Thrush (Catharus bicknelli)
breeds in upland spruce–fir forests in Northeastern United States, Quebec, New Brunswick, and Nova
Scotia [31], a distribution closely matching the ‘southern periphery’ of other boreal forest species
described above. While intraspecific divergence in other eastern boreal species has been dated to the
Holocene, divergence between Bicknell’s Thrush and its northern sister species, Gray-cheeked Thrush,
has been dated to the Pleistocene [23,32]. Pleistocene divergence in these species likely occurred in
separate glacial refugia, and may be reinforced by habitat niche differentiation or competition [29,33].
While deep genetic divergence in this Catharus species complex is unique among eastern boreal species
studied thus far [23], Fitzerald et al. [29] suggest the possibility that similar cryptic species breaks may
exist for other boreal bird species at the southern and eastern peripheries.

As the climate continues to warm, it is these unique peripheral populations that will be first
impacted. Ralston and Kirchman [11] modeled predicted changes in climate suitability for 15 boreal
forest birds under several climate change scenarios across the southern boreal. Suitability for all species
was predicted to shift northward (mean 934.0 km under the most severe scenario), with 12 of 15 species
predicted to be extirpated (99–100% decrease in suitable area) in New York, Vermont, and New
Hampshire by 2080, resulting in a significant decline in boreal bird diversity in this region. While these
simple correlative models used only climatic variables, further analysis with more sophisticated models
has similarly projected declines in the suitability of boreal birds in northeastern United States in the
coming decades. McGarigal et al. [34] used climate, habitat, and land use variables to calculate and
project changes in Landscape Capability, an index reflecting the ability of the landscape to meet species’
breeding season natural history requirements [35]. There was a projected 64% decline in Landscape
Capability for Blackpoll Warbler across northeastern United States by 2080, along with a predicted
upslope shift in distribution greater than 100 m.

Impacts from climate change on bird distributions and abundances are already being observed
in this region. In a resurvey of birds along an altitudinal gradient in New York state [36],
Kirchman and Van Keuren [37] found the abundance weighted mean altitude shifted upslope an
average 82.8 m (n = 42 species) between 1974 and 2015. This result mirrors similar findings for long
term upslope shifts in montane forest ecotones [38]. As climate change pushes species up in elevation,
we expect populations to decline due to less area available at higher elevations [39], especially in the
southern parts of their range where birds are already found near the tops of mountains. However,
there appears to be variation in elevational shifts across sites and species. DeLuca and King [12] found
that 9 out of 11 montane boreal species in the White Mountains shifted their lower elevational range
boundary downslope on average 19 m between 1993 and 2009. This shift may have been a response to
regrowth of spruce and fir following historic logging [12,40].

As climate change continues, boreal birds are declining. Continental-scale point count surveys
typically used to assess long term population trends in birds are usually unsuitable for boreal species
given the inaccessibility of their habitats [41–43], but the estimates that are available often show steep
declines. Blackpoll Warblers, an emblematic bird of the boreal forest and historically perhaps the most
abundant, has seen a 92% decline since the 1970s [44]. To estimate trends at the local and regional
scales, numerous surveys exist in montane spruce–fir forests, or lowland boreal spruce bogs across
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the southern boreal, operated by conservation organizations, national forests, parks, and wildlife
refuges [45–51]. Several of these programs have now been operated for over two decades, and most are
showing a general pattern of declining bird abundances across the southern boreal. Vermont Center
for Ecostudies’ Mountain Birdwatch has documented a significant 10 year decline in 7 of the 10 species
that it monitors in montane forests in northeastern United States and Canada [51]. The only species
monitored that significantly increased in the Mountain Birdwatch dataset was Black-capped Chickadee
(Poecile atricapilla), indicating the movement of low-elevation species into high-elevation boreal habitats
and potentially a change in community structure [51]. Similarly, Glennon et al. [50] found that boreal
birds generally declined in occupancy at lowland boreal wetland sites in New York over a decade of
observation, while non-boreal species were more likely to increase in occupancy. Further, non-boreal
species were more likely to colonize sites that boreal species disappeared from, again indicating
changes in community composition [50]. Ralston et al. [42] combined 16 of these local and regional
survey datasets to estimate population trends for 14 boreal bird species across the northeastern and
upper Midwestern United States. They found that four species commonly considered indicator
species of boreal spruce–fir forests, Yellow-bellied Flycatcher, Bicknell’s Thrush, Blackpoll Warbler,
and Magnolia Warbler (Setophaga magnolia), each showed significant declines across the study region.
Further, species identified as spruce–fir specialists were more likely to be declining than those which
also used other habitat types, indicating that pressures driving population declines in abundance in
birds may be particularly strong in boreal spruce–fir forests.

In addition to showing general declines in spruce–fir birds, Ralston et al. [42] demonstrated
considerable regional variation in trends within species. In five of the nine species with sufficient
data for analysis in northeastern and upper Midwestern sites, trends were significantly different
between regions. In three species the direction of change differed. Canada Jay and Swainson’s
Thrush (Catharus ustulatus) each declined in the upper Midwest while increasing in abundance in the
Northeast; Red-breasted Nuthatch showed the opposite pattern, increasing in the upper Midwest
while declining in the Northeast [42]. Similarly, all species showed variation in trend estimates across
surveys within each region. At a local scale, Glennon et al. [50] also showed variation among sites
in boreal bird community dynamics. Boreal birds were more likely to persist at sites with a greater
amount of open Northern Peatland compared to sites with Boreal Upland Forest (habitat classifications
following [9]). However, it is unlikely that these results apply to boreal species more typical of Boreal
Upland Forests such as Blackpoll Warbler and Bicknell’s Thrush [50]. Identifying the habitat factors
associated with stable or increasing trends in boreal birds at the southern periphery could be very
important for conservation practitioners. Cooperation among stakeholders to extend previous analyses
to a greater number of sites, boreal habitat types, and regions throughout the southern boreal could be
tremendously helpful for the conservation of boreal birds more broadly. The importance of support for
targeted boreal monitoring programs cannot be overstated. Current population estimates for boreal
species based on road-based surveys have proven to be inaccurate and often underestimate boreal
population estimates [43].

3. Species Differ in Their Responses to Changing Environments, Creating a Challenge for
Community Level Conservation

Drivers of species distributions often vary across species. For boreal birds, the extent to which
habitat and/or climate limit distributions has major implications for the conservation and management
of those species. For example, if a species’ distribution is primarily limited by climate, focusing on
climate refugia preservation might be the preferred approach; if a species was primarily limited by
habitat, management of habitat characteristics might be the optimal approach. However, a challenge
of species-focused approach is that management plans designed to conserve a single species may
have limited benefits for other threatened species in the community. Several recent studies in
habitat associations of boreal birds have shown that species differ in their habitat requirements
and in the environmental factors that drive their occupancy [12,50,52–54]. Climatic factors were
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shown to be generally more important than landscape factors (i.e., connectivity, human footprint) to
occupancy dynamics in low-elevation boreal birds, though species differed in what climate factors
were most important [54]. Additionally, indirect effects of climate as mediated by species interactions
(i.e., insect prey abundance) and vegetation structure may be important to dynamics of these species
on relatively short and long time scales, respectively [54]. Similarly, a large proportion of the impact
of climate on the distribution of montane boreal birds along an elevation gradient was indirect,
mediated by vegetation, and again there was great variation in the strength and direction of direct in
indirect effects of climate across species [52]. Together, these results demonstrate variation in habitat
associations across boreal birds. These differences lead to regional variation in the structure of boreal
bird communities along the southern periphery of the boreal, and ongoing climate change may drive
changes in community composition [50,53].

While it has been previously demonstrated that species associations may be weak in southern
boreal forests, creating challenges to community level conservation [55], recent studies on boreal
birds suggest that ongoing climate change may exacerbate these challenges by driving changes in
community composition [50,52–54]. For example, designing forest management practices to benefit
a species of conservation concern, Bicknell’s Thrush [56,57], may have relatively smaller impact on
other declining species such as Blackpoll Warbler or Canada Jay [42] that appear to be more strongly
and directly influenced by climate variables [52,53]. While protecting climate refugia where boreal
communities can persist may be an important conservation strategy [6,50], conserving the boreal
community in its current form will become increasingly challenging. Species of conservation concern
may be shuffled into non-analogous communities not currently present in the landscape, requiring
unique conservation strategies [58]. Conservation practitioners focused on boreal species will therefore
need to clearly define whether the objectives of management efforts are to protect individual species or
larger assemblages of boreal birds.

4. As Communities Reshuffle, Species Face New Biotic Interactions—Some of Which May Have
Unexpected Outcomes

As climate change drives changes in community composition, species will be faced with novel
ecological interactions and challenges. For boreal birds at their southern periphery, increased contact
with congeneric competitors may be increasingly important with climate change. Southern limits
of northern species and, by extension, low-elevational limits of high-elevation species, are often
determined by biotic interactions, mainly competition [59–61]. Many of the boreal species discussed
thus far have more southerly or low-elevation relatives with which they compete [61,62], and that may
be shifting into historically boreal sites [12,50,51]. In recent decades, as Bicknell’s Thrush has been
declining, the congeneric Swainson’s Thrush has been shifting upslope and increasing in abundance,
followed by Hermit Thrush (Catharus guttata), a historically low-elevation competitor species which can
now be observed at many high-elevation sites [12,37,51,62]. Similarly, Boreal Chickadee may be being
outcompeted and replaced by Black-capped Chickadees in many places [51]. In the White Mountains,
warbler species typically associated with lower-elevation mixed forests shifted on average upslope
into boreal habitats while high-elevation boreal warblers such as Blackpoll Warbler, Yellow-rumped
Warbler (Setophaga coronata), and Nashville Warbler (Oreothlypis ruficapilla) have shifted downslope [12],
increasing the likelihood of competition among these species. While warblers are a classic example of
foraging niche differentiation to reduce competition [63], it is unclear how these high-elevation boreal
species will respond to novel competitors.

Another possibility, as climate change pushes closely related species into contact, is hybridization.
Secondary contact of related species following environmental change can result in widespread
introgression, loss of genetic diversity from a parent species, and even speciation reversal or the
collapse of two lineages into one [64–66]. This can create additional conservation concern, especially
for rare species that come into contact and hybridize with a more abundant species [67]. However,
hybridization can be a tricky conservation topic, as it may not always be clear whether hybrids are
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naturally occurring or the result of anthropogenic disturbance [68]. As climate change reshuffles species
distributions and community composition, it is possible that there might be increased opportunities
for hybridization, especially at range peripheries, where species’ distributions abut one another.
FitzGerald et al. [32] recently documented hybridization between Bicknell’s Thrush and its northern
sister species Gray-cheeked Thrush. The hybrid was phenotypically Gray-cheeked Thrush and was
captured in southern Labrador within the Gray-cheeked Thrush’s distribution, but held a Bicknell’s
Thrush mitochondrial haplotype [32]. Further analysis of both species has revealed low levels of
genetic admixture within Bicknell’s Thrush populations [29]. While hybridization between these
species has been suggested in the past [69], this is the first confirmed case. While this likely represents
a natural case of hybridization, it is unclear whether anthropogenic climate change may increase the
frequency of hybridization over time, either through changes in distribution or migratory behavior
(i.e., late-migrating Gray-cheeked Thrush, breeding with Bicknell’s Thrush, as they migrate through
Bicknell’s Thrush territories further south) [32].

An important biotic interaction currently impacting peripheral boreal populations is the
climate-driven introduction and spread of Red Squirrels (Tamiasciurus hudsonicus) an avian nest
predator. Red Squirrels may be shifting downslope, opposite expectations given climate change [70]
and are impacting nesting success of boreal birds in montane habitats [71]. Nest survival in Blackpoll
Warblers and Bicknell’s Thrush is highest at elevations with the lowest Red Squirrel abundance,
and in years with lower squirrel abundance [71]. Similarly, the introduction and spread of Red
Squirrels on Newfoundland has been coincident with the steep decline in Newfoundland Gray-cheeked
Thrush populations [15,72], and Gray-cheeked Thrush were more likely to be detected on point
counts where Red Squirrels were absent [32]. An interesting aspect of this is that Red Squirrels
appear to be co-distributed with boreal birds elsewhere across the contiguous boreal forest with
seemingly lower impacts on population abundance than at the southern and eastern peripheries of the
boreal. This suggests that biotic interactions introduced through climate change can have unexpected
consequences. Further work needs to be performed to understand how differing ecological contexts in
peripheral populations and throughout the boreal influence the outcomes of these interactions.

5. Conclusions

Boreal forests are one of the most threatened ecosystems under climate change. At the southern
periphery of the boreal forest, where climate change is already having an impact, boreal birds
are declining in abundance and genetic diversity [24,42,51], and boreal community composition is
changing [50,53]. We can take several conservation lessons from the studies of these peripheral boreal
bird communities. First, species-specific responses to climate change may require individualized
management plans, or flexible conservation that accounts for and is flexible to non-analogous
communities. Second, as communities reshuffle, new biotic interactions are likely, and their outcomes
may be unique to this new ecological context, providing additional challenges for conservation.
Continued and expanded monitoring of boreal forest bird communities will be essential to detect
further declines and understanding consequences of novel species assemblages. Future coordination
of research and monitoring efforts across boreal regions and habitat types, and among conservation
stakeholders, will help us to understand why trends in boreal birds vary regionally and what factors
promote local increases in abundance and will be crucial for the conservation of boreal birds.
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Abstract: Increased attention is being paid to the ecological drivers and conservation measures which
could mitigate climate change-induced pressures for species survival, potentially helping populations
to remain in their present-day locations longer. One important buffering mechanism against climate
change may be provided by the heterogeneity in topography and consequent local climate conditions.
However, the buffering capacity of this topoclimate has so far been insufficiently studied based on
empirical survey data across multiple sites and species. Here, we studied whether the fine-grained air
temperature variation of protected areas (PAs) affects the population changes of declining northern
forest bird species. Importantly to our study, in PAs harmful land use, such as logging, is not allowed,
enabling the detection of the effects of temperature buffering, even at relatively moderate levels of
topographic variation. Our survey data from 129 PAs located in the boreal zone in Finland show
that the density of northern forest species was higher in topographically heterogeneous PAs than in
topographically more homogeneous PAs. Moreover, local temperature variation had a significant
effect on the density change of northern forest birds from 1981–1999 to 2000–2017, indicating that
change in bird density was generally smaller in PAs with higher topographic variation. Thus, we
found a clear buffering effect stemming from the local temperature variation of PAs in the population
trends of northern forest birds.

Keywords: boreal; buffering; climate change; forest bird; macroclimate; population decline; protected
areas; topographic heterogeneity

1. Introduction

Climate change is a major threat to biodiversity [1,2], increasingly affecting present-day species
populations and communities [3–6]. Upslope shifts in the distribution of species have already been
observed with rising temperatures both in temperate [7,8] and tropical regions [9,10], although the
elevational shifts may vary considerably in terms of direction and magnitude among species [8].
Changes in climate are projected to cause further poleward and upward species range shifts in the
future [2,11]; but, in many areas rapidly changing conditions will challenge the ability of species
to track the spatial reorganization of suitable locations [12–14]. Thus, climate-smart conservation
strategies are required to identify landscape characteristics which best support the range-shifting and
persistence of species populations [15,16]. One promising strategy is the prioritization of areas with
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notable fine-grain heterogeneity in local climates caused by variation in topography (i.e., topoclimatic
heterogeneity) [16–19]. The conservation of landscapes with high topoclimatic variation allows species
to move shorter distances while tracking suitable conditions. Thereby, it may facilitate the extended
persistence of trailing-edge (the contracting or retreating edge of range) populations by providing
refuges and holdouts with favorable local climate conditions [20–23]. Thus, variation in topoclimates
provides a potentially important buffering mechanism against the impacts of climate change on
biodiversity [17].

However, although the importance of topoclimatic variation for biodiversity preservation is intuitively
credible, support for it largely comes from theoretical and model-based studies, or climatological
assessments of variability in local climatic conditions [21,24–26]. In essence, the evidence on the benefits
of topoclimatic variation emerging from species surveys conducted across multiple sites or protected
areas (PAs) is still scarce (see, however, [19]). Monitoring studies of species trends in topographically
diverse landscapes both in PAs and outside them have revealed contrasting trends, including upslope as
well as downslope expansion of populations, increases in abundance as well as declines of species, and
even local extinctions [8,22,24]. Repeated surveys of only one or a few PAs provide useful insights but do
not enable systematic comparisons of biodiversity changes across topoclimatic gradients.

Surprisingly, very few studies have specifically investigated the potential of topoclimatic buffering
to support species persistence based on repeated surveys of multiple populations. Using a large set of
climate-threatened species from the UK, Suggitt et al. [27] showed that fine-grained climatic variation
caused by topographic heterogeneity may indeed buffer species against regional extirpations. These
results are encouraging, but it should be noted that studying changes in species occurrences over
coarse scale grid cells (10 km × 10 km) brings two challenges: separating potential land use-induced
impacts on species populations (cf. [25,28]) from climate change impacts, and the potential omission of
declines in species abundances which often become apparent earlier than changes in occupancies [29].
In another study, Maclean, et al. [30] examined the impacts of fine-resolution microclimatic buffering on
grassland plant species responses and showed that cooler slopes can support the prolonged persistence
of populations. What remains open to debate is how well these results apply to other species groups in
other environments showing more rapid responses to climate change than plants which have many
means to survive during unfavorable periods [31].

Clearly, we need more studies on changes in the abundance of species showing potentially rapid
responses to climate change. It would be especially valuable to examine changes in species abundances
systematically across PAs, with different potentials for topoclimatic buffering where human-induced
land use changes are not allowed. Among different species groups, birds can be particularly useful in
studying the impacts of topoclimatic variation. This is because bird populations have the potential to
respond rapidly to the changes in climate, as shown by the recent changes in their distributions and in
the composition of local bird communities [26,32]. Moreover, there are sufficient data on bird species
abundances available from systematic bird surveys [29,33,34].

Here, we studied the temporal changes in bird species densities in 129 individual PAs with
varying levels of topoclimatic heterogeneity, using systematically recorded data from a national PA
network which may effectively alleviate the negative impacts of climate change on species [35–38]. We
investigated the variation within the PAs in fine-grained air temperature patterns to assess whether
larger temperature variation can slow down the negative effects of climate warming on bird species
populations. We focused specifically on population size changes in northerly distributed bird species
in a region where these species have contracting range-margin populations [39,40]. Alongside the
temperature variability, we addressed two other potentially important drivers of bird population sizes:
changes in the observed broad-scale air temperature (i.e., macroclimate) [41,42] and the size of the
PAs [43,44], and also took the variation in forest proportion in the PAs into account.

Specifically, we addressed the following two questions: (1) Is the density of bird species populations
higher in PAs showing a larger variation in local temperature (conditions)? (2) Is the density of northern
bird species declining less in PAs with larger variation in local temperature (conditions)?
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2. Material and Methods

2.1. Study Areas

Finland stretches 1100 km across the boreal biome of northern Europe (Figure 1). In this biome
northern species show increasing and southern species decreasing trends towards the north. The
boreal biome can be divided into southern, middle and northern boreal zones. Here, we focused
on bird population trends in the middle boreal zone, where the ranges of southern and northern
species largely overlap [45]. The PAs occurring in the middle boreal zone are mostly covered with
coniferous (dominated by Scots pine Pinus sylvestris or Norway spruce Picea abies), mixed and deciduous
(dominated mainly by birch Betula spp.) forests and pine and open, treeless mires.

 

Figure 1. Location of the study areas (protected areas (PAs) in black lines) in Finland with
the mean air temperature for April–May–June at 50 m × 50 m grid size. As an example, the
topographic variation (meters above sea level; DEM = digital elevation model) and mean April–June air
temperatures are shown for a specific region with a high variation in temperature caused by variation
in topographic heterogeneity.
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In this study, birds were counted in 129 PAs situated in the middle boreal zone both in 1981–1999
and in 2000–2017 (including the southernmost part of northern boreal zone; uniform coordinate system
[epsg: 2393], grids 70–74, Figure 1). In these PAs the total land area was 4347 km2, with a mean of
33.7 km2 (size range 1.6–300.3 km2, Figure 1, Table S1). The forests (including wooded mires) covered
63% of the land area of the studied PAs, the remaining being open, treeless mires. This information on
the proportion of forests in the studied PAs is based on the data of habitat classification in National
Parks Finland, which governs state-owned protected areas. More than two thirds of the protected
forest stands are over 100 years old [46].

2.2. Bird Censuses

Land birds in the studied 129 PAs were counted using the Finnish line transect census method,
which is suitable for counting birds over large areas [45,47]. The line transect method applies a one-visit
census in which birds are counted during the breeding season along a transect with an average length
of 5–6 km.

The census is carried out in late May and in June in the early morning, when the singing activity
of the birds is highest. In the line transect method, a 50 m (25 m on each side)-wide main belt along
the walking line and a supplementary belt outside the main belt are separated. Birds are counted
both from the main belt and the supplementary belt which together constitute a survey belt. The
supplementary belt consists of all birds observed outside the main belt (for details, see [45,47,48]).

In the Finnish line transect method, the densities of species based on the observations in the
censuses are calculated in standard units of pairs/km2. A pair is inferred (following the instructions for
the Finnish line transect census) by: a male heard singing, an otherwise observed male or female, or a
group of observed fledglings. Densities of bird species were calculated on the basis of observations in
the whole survey belt. In calculating the density, a species-specific correction coefficient (based on
the proportion of main belt observations in the whole survey belt) was used to take into account the
differing audibility and other detectability of different species (see, e.g., [47,48]).

When counting the birds, in both time periods the total length of the transects in each of the 129
PAs was at least 1.0 km (see Figure 1, Table S1). The total length of the line transect censuses in the
studied PAs amounted to 4677.8 km in 1981–1999, and 4585.9 km in 2000–2017, and the mean total
length of the transects in a PA was 36.3 km in 1981–1999 and 35.5 km in 2000–2017 (Table S1). The
median number of years when the censuses were carried out was two in each protected area, both
in 1981–1999 and in 2000–2017. The median census year was 1994 in the first period and 2009 in the
second period. Precisely the same transects were not surveyed, but the censuses in each protected area
included the same proportion of habitats during the two periods.

The population changes of northern forest bird species revealed by the census data from the two
time periods were related to the topoclimatic variation (50 m × 50 m) within the PA, the changes in the
broad-scale (10 km × 10 km) climate, and the size and forest proportion of the PA. We concentrated
only on forest species because open mire species—such as many waders—occur on flat peatlands and
thus are inherently associated with breeding sites with a low variation in local climatic conditions.
We included all bird species breeding in forests with a northern distribution in Finland. Based on
these criteria, the following 17 species [49,50] were selected for our study: rough-legged buzzard
Buteo lagopus, golden eagle Aquila chrysaetos, merlin Falco columbarius, northern hawk owl Surnia
ulula, great grey owl Strix nebulosa, three-toed woodpecker Picoides tridactylus, Bohemian waxwing
Bombycilla garrulus, red-flanked bluetail Tarsiger cyanurus, Arctic warbler Phylloscopus borealis, Siberian
tit Poecile cinctus, great grey shrike Lanius excubitor, Siberian jay Perisoreus infaustus, brambling Fringilla
montifringilla, common redpoll Carduelis flammea, two-barred crossbill Loxia leucoptera, pine grosbeak
Pinicola enucleator, and rustic bunting Emberiza rustica. Over 80% of recorded bird pairs of the 17 species
studied belong to the three most abundant species, i.e., the brambling, common redpoll and rustic
bunting (see Table 1).
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Table 1. Mean density (pairs/km2 ± standard error) of northern forest bird species in 1981–1999 and in
2000–2017 in the 129 protected areas. The statistical significance between the time-periods is based on a
paired Wilcoxon signed rank test with positive, negative and tied ranks from 1981–1999 to 2000–2017.
Density values of 0.00 denotes density of less than 0.005 pairs/km2.

Species
Density Ranks

(pos./neg./tied)
z P

1981–1999 2000–2017

Rough-legged buzzard Buteo lagopus 0.01 ± 0.01 0.01 ± 0.00 1/6/122 −1.859 0.063
Golden eagle Aquila chrysaetos 0.00 ± 0.00 0.00 ± 0.00 10/6/113 1.189 0.235

Merlin Falco columbarius 0.04 ± 0.02 0.04 ± 0.02 10/14/105 −0.943 0.346
Northern hawk owl Surnia ulula 0.04 ± 0.02 0.28 ± 0.22 14/8/107 1.185 0.236

Great grey owl Strix nebulosa 0.01 ± 0.01 0.01 ± 0.01 2/6/121 −1.120 0.263
Three-toed woodpecker Picoides tridactylus 0.31 ± 0.05 0.65 ± 0.09 59/21/49 4.240 <0.001

Bohemian waxwing Bombycilla garrulus 0.21 ± 0.05 0.79 ± 0.09 82/7/40 6.880 <0.001
Red-flanked bluetail Tarsiger cyanurus 0.01 ± 0.00 0.14 ± 0.04 28/6/95 4.129 <0.001

Arctic warbler Phylloscopus borealis 0.01 ± 0.00 0.00 ± 0.00 3/7/119 −1.988 0.047
Siberian tit Poecile cinctus 0.14 ± 0.04 0.07 ± 0.03 8/17/104 −1.682 0.093

Great grey shrike Lanius excubitor 0.21 ± 0.09 0.07 ± 0.02 17/18/94 −0.541 0.589
Siberian jay Perisoreus infaustus 0.47 ± 0.07 0.43 ± 0.07 29/36/64 −0.709 0.478

Brambling Fringilla montifringilla 16.73 ± 0.97 9.95 ± 0.83 23/106/0 −7.229 <0.001
Common redpoll Carduelis flammea 3.03 ± 0.33 1.42 ± 0.23 19/100/10 −7.231 <0.001

Two-barred crossbill Loxia leucoptera 0.56 ± 0.14 0.03 ± 0.01 10/46/73 −4.968 <0.001
Pine grosbeak Pinicola enucleator 0.10 ± 0.04 0.06 ± 0.02 7/9/113 −0.310 0.756
Rustic bunting Emberiza rustica 3.43 ± 0.30 1.84 ± 0.28 32/82/15 −5.365 <0.001

Combined 25.29 ± 1.39 15.76 ± 1.23 20/109/0 −7.154 <0.001

2.3. Climate Data

Our climate data consisted of data recorded at two distinctly different spatial resolutions. First, as a
measure to examine the effect of the broad-scale air temperature in the two time periods (i.e., 1981–1999
and 2000–2017), as well as the changes between the two periods, on the bird species densities, we used
the mean air temperature values of April–June (TAMJbroad) interpolated for each of the 10 × 10 km
grid squares where a protected area was located. We focus on April–June air temperatures, because
this is the time of arrival of migratory birds and the breeding period for all the studied northern bird
species. The temperature values were obtained from the daily gridded climate dataset by the Finnish
Meteorological Institute [51] both for the period of 1981–1999 and 2000–2017.

Second, in order to capture the variation in the local climatic conditions in the studied PAs,
we modelled the monthly average air temperatures (1981–2010) across the study domain based on
daily data from 318 meteorological stations derived from the European Climate Assessment and
Dataset database (ECA&D; [52]). For these models, we employed generalized additive models
(GAM), as implemented in R-package mgcv version 1.8-7 [53]. Following Aalto et al. [54], we used
predictors of the geographical location, topography (elevation, potential radiation, relative elevation)
and water cover [55] to produce monthly average air temperature surfaces at a high spatial resolution
(50 m × 50 m) for all months. The modelled monthly average air temperatures agreed well with the
observations from the meteorological stations, with a root mean squared error (RMSE; leave-one-out
cross-validation) ranging from 0.56 (June; Figure S1) to 1.49 ◦C (January). We used the fine-grained
(50 m) variation within the PAs (σTAMJlocal, quantified as the standard deviation of April–June mean
temperatures across PAs) in the subsequent analyses, as an indicator of local temperature variation
driven by topographic heterogeneity, and thereby an indicator of potential buffering effect.

We could not account for the effect of forest canopy cover in our modeling of local temperatures.
This is due to the placing of meteorological stations on the open landscape [56]. Although this is
likely to increase modelling uncertainty in forested areas, the microclimatic effect of forest canopy
(i.e., buffering temperature variability) is indirectly accounted for in the models by using the forest
proportion predictor.
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2.4. Statistical Analyses

We modeled the spatial variation in the population density of northern forest birds over 1981–2017
(i.e., our first response variable; combined density in 1981–1999 and in 2000–2017 in Table S1) as a
function of the TAMJbroad and σTAMJlocal. In addition, we used forest proportion and the size of the
PA as predictors in our models. Large PAs are likely to have higher bird densities compared to small
PAs [e.g., 44]. The size of the PA was log-transformed for the analyses to approximate normality.

In studying the bird density variation between the PAs, we used generalized linear mixed
modelling (GLMM [57]; assuming negative-binomial errors with a log-link function), that accounts
for zero-inflation in the response variable. In addition to the main effects of σTAMJlocal and forest
proportion, we included their interaction with the model. This interaction was included because we
expected that forest cover can mediate the effect of local temperature variability on bird densities.
Indeed, σTAMJlocal and forest proportion were intercorrelated (Spearman’s rank correlation rs = 0.706).
Species were considered as a random factor in the model, and the two time-periods were included as
an ordered factor (1 = 1981–1999, 2 = 2000–2017). The model structure in R syntax:

Bird density = TAMJbroad+σTAMJlocal+forest proportion + σTAMJlocal × forest
proportion + log(PA size) + time + (1

∣
∣
∣ species)

(1)

Secondly, we modelled the change in bird species density from 1981–1999 to 2000–2017 (i.e., our
second response variable) as a function of change in broad-scale air temperature (ΔTAMJbroad change
in April–June air temperatures between 2000–2017 and 1981–1999) between the two time periods, local
temperature variability and size of the PA. In this model (GLMM), forest proportion in the PA was
regarded as an offset variable because of the intercorrelation with σTAMJlocal. The offset term is a
structural predictor, the values of which are not estimated by the model but are assumed to have the
value of one. The values of the offset are added to the linear predictor of the target. Here, we assumed
Gaussian error distribution and included species as a random factor:

Change in bird density = ΔTAMJbroad+σTAMJlocal + log(PA size) + (1
∣
∣
∣species) (2)

The modeling was carried out in R (version 3.6.1 [58]) and the GLMMs were fitted using the
package glmmTMB [57]. There was a slight positive correlation between ΔTAMJbroad and σTAMJlocal
(rs = 0.388), σTAMJlocal and size of the PA (rs = 0.312), and ΔTAMJbroad and size of the PA (rs = 0.208).

When comparing species-specific density changes in the PAs between the time periods, we used a
non-parametric Wilcoxon signed rank test.

3. Results

We found that the combined density of the 17 studied northern forest bird species declined
significantly (p < 0.001) by ca. 38% between 1981–1999 and 2000–2017 (Table 1). Five species—including
all the three most abundant northern forest bird species (brambling, redpoll, rustic bunting)—and two
less-abundant species (Arctic warbler, two-barred crossbill) declined significantly while three species
increased (three-toed woodpecker, Bohemian waxwing, red-flanked bluetail).

Our modelling showed that broad-scale air temperature had a negative effect, and local temperature
variability a positive effect, on the densities of northern forest bird species (Table 2). On average,
densities of northern forest bird species increase northwards (Table S1). Therefore, the variation
of TAMJbroad was negatively related to the bird abundances as values of April–June average air
temperatures generally decline northwards. In addition, we found a significant (p < 0.05) negative
interaction between forest and σTAMJlocal, indicating that an increase in forest proportion inside PAs
tends to decrease the effect of local temperature variability on bird densities.
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Table 2. Results of generalized linear mixed modelling (GLMM; assuming negative-binomial errors
with a log-link function) of bird population densities in PAs. Bird densities were modelled using
broad-scale air temperature variation (TAMJbroad), local air temperature variability (σTAMJlocal), forest
proportion, interaction between σTAMJlocal and forest proportion and PA size as predictors. Species
were considered in the models as random factors. Predictor Time shows the division of data into two
distinct parts. The protected area size was log-transformed prior to the analysis.

Term Estimate S.E. z P

Intercept 0.221 0.532 0.416 0.677
TAMJbroad −0.579 0.041 −14.232 <0.001
σTAMJlocal 5.186 2.554 2.030 0.042

Forest proportion 1.485 0.201 7.382 <0.001
Forest proportion × σTAMJlocal −6.816 2.790 −2.443 0.0146

PA Size 0.013 0.030 0.417 0.677
Time 0.195 0.577 0.337 0.736

Local temperature variability had a significant (p < 0.001) negative effect on the density change of
northern forest birds from 1981–1999 to 2000–2017 (Table 3). Importantly, the decline in bird density
was smaller in PAs associated with large temperature variation. In contrast, change in broad-scale air
temperatures (ΔTAMJbroad) did not have any significant effect on the density change of northern forest
birds. The size of the PAs had a positive effect on the change of population densities of northern forest
birds, so that densities declined more in large PAs.

Table 3. Results of generalized linear mixed modelling (GLMM; assuming Gaussian errors) of bird
density change in PAs. Bird density was modelled using change in broad-scale air temperatures
(ΔTAMJbroad), local air temperature variability (σTAMJlocal) and PA size as predictors. Forest proportion
was an offset variable in the analysis. The protected area size was log-transformed prior to the analysis.

Term Estimate S.E. z P

Intercept −1.057 0.348 −3.041 0.002
ΔTAMJbroad 0.191 0.301 0.634 0.526
σTAMJlocal −3.426 0.465 −7.375 <0.001

PA size 0.078 0.035 2.213 0.027

4. Discussion

Our analyses show that local temperature variability had a positive effect on the population
density of northern forest species in the time periods of 1981–1999 and 2000–2017. High temperature
variation also seems to buffer the negative decline of northern forest birds. Our results are thus in line
with earlier studies investigating the impacts of topoclimatic variation on the persistence of species
populations that are based, as our study is, on data from repeated surveys [27,30,59].

Interestingly, broad-scale temperature affects the density patterns of northern forest birds, but
change in temperature does not explain the decrease of these species in the model. This can be due to the
fact that in the model local temperature variability outweighs the negative effects of climate warming
on the northern declining bird species. Moreover, the range of change in broad-scale temperatures
is much less than variation in local temperatures, so broad-scale temperatures probably affect more
similarly everywhere. The negative effects of climate warming on the northern bird species have been
observed in earlier studies with their ranges shifting northwards [50,60], population densities in PAs
declining [61] and mean weighted densities moving northwards [47].

Thus, bird densities tend to be higher in topographically more heterogeneous PAs, and the local
temperature variability seems to provide a buffering effect against the declining population trends
of northern forest birds in our study area. High-latitude regions, such as our study region, have
experienced more severe warming than other areas—on average twice the global rate of warming [62].
In our study region, the mean April–June temperature has increased by an average of 1.0 ◦C, and the
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mean annual temperature has increased by an average of 1.1 ◦C between the periods 1981–1999 and
2000–2017 [40]. Mirroring our results against these trends in climate, detection of workable mechanisms
for retarding the negative effects of climate warming can be considered as of special importance.

Controlling for the potential land use-induced impacts on populations from climate change
impacts in coarse-scale grids can be difficult, particularly as human interventions can cause both
negative and positive impacts on species viability (e.g., loss vs. restoration of habitat). Previous studies
have not been carried out in protected areas and, therefore, land-use change may bias the observed
results, because in a flatter landscape land use is much more intensive than in a rough terrain or in
mountains. In our PAs, human-caused habitat alteration is not allowed; therefore, our results are more
explicitly related to the topographic heterogeneity and climate-induced changes than in earlier studies.

As regards the extend of vertical variation, our results are highly interesting. This is because
topographic variation of our PAs is relatively moderate, with a maximum vertical within-PA difference
of about 250 meters. Yet, this variation, together with differences in incoming solar radiation between
North- and South-facing slopes [54], is sufficient to counteract the recent macroclimatic forcing impacts
on bird populations. Thus, the buffering impacts of local air temperatures may not require very
large elevational gradients but can be effective already in moderately varying landscape. A study by
Gaüzère, Prince and Devictor [59] investigated the climatic debt in bird communities in France using
the species community temperature index (CTI), and showed that an increasing range in elevation can
affect bird species populations positively by reducing the rate of their change. However, the study
area in France also included mountainous landscapes, where the range of elevational variation was
measured in several hundreds of meters compared to our study PAs with the variation commonly
measured in tens of meters.

A central difference between the present results and a study carried out in the UK [27] is that
the latter was based on presence records recorded in Atlas data at a 10-km resolution, while our
work examined species abundances and the buffering capacity of fine-grain temperature patterns
at a 50 × 50 m resolution. In the UK study, the extirpation risks stemming from climate warming
were reduced by 22% in plants and 9% in insects due to topographic variation creating potential for
microrefugia [27]. However, assessing changes in species trends based on occurrences from such
coarse-resolution Atlas data may only partly conceal the changes in species populations which would
otherwise be visible in abundance trends [33,47,63]. Thus, by using abundance analyses, the effect of
topographic heterogeneity might be even more clearly observable.

The benefits of topographically more heterogeneous PAs may also manifest themselves in single
species ecological and behavioral phenomena; for example, by helping a species to avoid misusing
phenological triggers and the associated temporal mismatches between trophic levels [64]. In the
boreal region, in topographically heterogeneous southern Norway, the breeding success of black grouse
Tetrao tetrix and the capercaillie Tetrao urogallus has been observed to increase under the warming
climate [65]. In contrast, in the flatter boreal forests of Finland, populations of black grouse have been
declining—which has been attributed to the mismatch between the advanced time of mating and
chicks hatching too early, resulting in declining breeding success [66].

Our findings suggest that topoclimatic variation may provide an effective conservation measure
against climate change in moderately rugged landscapes. Such areas can be common in many places
in the western boreal Palaearctic, where landscape is covered by a peneplain with a moderately rough
land surface with small-scale variability in topography produced by a long period of erosion and other
physical processes [67]. In these vast regions in the boreal biome, topographical heterogeneity may
provide a significant buffer against rapid climate-induced changes in many areas [19].

The results reported here also have important consequences for climate-smart conservation
planning for boreal regions. In addition to support for protecting particularly topographically
heterogeneous large areas for declining northern species, another tentative consideration and a
potentially useful tactic in climate-smart conservation planning might be targeting for a sufficiently
connected network of topoclimatically heterogeneous PAs. This kind of approach could provide
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climatically suitable stepping stones and holdouts for a population to persist for a limited period of
time, thereby facilitating the range shifts of contracting species under deteriorating climatic conditions
(cf. [20]).

5. Conclusions

Our study was carried out in protected areas where harmful land use, such as logging, is not
allowed; therefore, our results of the positive effects of topographical heterogeneity on the populations of
declining northern birds are rather straightforward. In contrast, in comparisons of lower topographical
variability (e.g., flatlands) and higher topographic variability (rough terrain, mountains), land-use
patterns may differ considerably and, thus, the lower land-use intensity may affect the buffering
capacity of rough terrains against climate change. Further studies are also needed to demonstrate the
significance of topographical heterogeneity in preserving biodiversity in a rapidly warming boreal
climate outside protected areas with varying intensities of land use.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/2/56/s1,
Table S1. Protected areas studied. Figure S1. The agreement between observed and interpolated monthly average
air temperatures (1981–2010).
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Abstract: Populations of Canada Warbler (Cardellina canadensis) are declining in Canada’s Atlantic
Northern Forest. Land conservancies and government agencies are interested in identifying areas to
protect populations, while some timber companies wish to manage forests to minimize impacts on
Canada Warbler and potentially create future habitat. We developed seven conservation planning
scenarios using Zonation software to prioritize candidate areas for permanent land conservation
(4 scenarios) or responsible forest management (minimizing species removal during forest harvesting
while promoting colonization of regenerated forest; 3 scenarios). Factors used to prioritize areas
included Canada Warbler population density, connectivity to protected areas, future climate suitability,
anthropogenic disturbance, and recent Canada Warbler observations. We analyzed each scenario
for three estimates of natal dispersal distance (5, 10, and 50 km). We found that scenarios assuming
large dispersal distances prioritized a few large hotspots, while low dispersal distance scenarios
prioritized smaller, broadly distributed areas. For all scenarios, efficiency (proportion of current
Canada Warbler population retained per unit area) declined with higher dispersal distance estimates
and inclusion of climate change effects in the scenario. Using low dispersal distance scenarios in
decision-making offers a more conservative approach to maintaining this species at risk. Given
the differences among the scenarios, we encourage conservation planners to evaluate the reliability
of dispersal estimates, the influence of habitat connectivity, and future climate suitability when
prioritizing areas for conservation.

Keywords: bird distribution and abundance; boreal birds; Canada Warbler; Cardellina canadensis;
Zonation; reserve design

1. Introduction

Canada Warbler (Cardellina canadensis) is a Neotropical migratory songbird that breeds in
forests of the eastern U.S. and across Canadian forests from Nova Scotia to the Yukon [1]. Due to
ongoing population declines (71% decline reported from 1970–2010 [2]), it is listed as Threatened in
Canada [3] and a Species of Greatest Conservation Need in nearly every U.S. state where it breeds
(e.g., [4]). The Canada Warbler International Conservation Initiative (CWICI) has urged research and
conservation actions to help reverse the population decline, including identification of suitable habitat
and development of best management practices for the breeding grounds [5].

Diversity 2020, 12, 61; doi:10.3390/d12020061 www.mdpi.com/journal/diversity27
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In the Atlantic Northern Forest (Bird Conservation Region (BCR) 14), Canada Warbler population
declines from 1970–2017 have been much steeper than those observed in other BCRs by the Canadian
Breeding Bird Survey [6]. Canada Warblers predominantly use wet forests [7–10] and post-harvest
deciduous and mixed-wood forests approximately 10–30 years of age [11,12]. Management guidelines
recently produced for BCR 14 [13] (see Supplementary Materials) describe two different approaches
to promote recovery of this species: permanent land conservation (hereafter ‘land conservation’, or
‘LC’) and responsible forest management (hereafter ‘forest management’, or ‘FM’). These approaches
were developed in tandem with, and designed for, two different user communities with distinct needs:
(1) land conservancies and government agencies with a mandate to protect species and habitat in
situ; and (2) forest industry staff and government agencies with a mandate to engage in sustainable
development of forest resources while minimizing impacts to migratory birds and species at risk.
LC scenarios (summarized in Westwood et al. [13]) (see Supplementary Materials) are intended to
support conservation activities such as in-situ permanent protection of forested areas supporting
Canada Warbler populations, forest blocks with low edge-to-interior ratios, and suitable habitat
patches connected by forested corridors to other potential breeding sites to facilitate dispersal. FM
scenarios are intended to support responsible forest management activities such as providing a
continuous current supply of breeding habitat on the landscape, avoiding harvesting and road building
in population centers and forested wetlands, and locating areas to implement silvicultural systems
(such as shelterwood cutting) most likely to produce desired conditions for breeding habitat 12–20 years
post-harvest, among other strategies [13] (see Supplementary Materials).

Forest fragmentation has been postulated as a cause of population declines for this species [14,15],
so habitat connectivity on the breeding grounds is likely to play an important role in population
recovery, especially given the high degree of conspecific attraction that has been documented [16].
Climate change is another important consideration for Canada Warbler, as its range is expected to
retract under warming conditions [17]. Conservation planning software makes it possible to account
for connectivity, climate change, and other factors when prioritizing areas for land conservation and
forest management [18–20].

Most analyses using conservation planning software are designed to support the planning or
evaluation of protected area networks (e.g., [21–23]). Other objectives include locating zones of interest
for further study [24], evaluating trade-offs between land uses [25,26], or estimating the value of
ecosystem services [27]. Conservation planning algorithms can be informed by estimates of dispersal,
which is an important factor in wildlife habitat selection and response to climate change (i.e., the ability
to move from current to future suitable habitats). For the Canada Warbler, published estimates of natal
dispersal (distance from an individual’s birth site to their breeding site) are not available. Estimates
of natal dispersal for other passerines are frequently based on small sample sizes with a great deal
of uncertainty, and estimates for species of similar sizes to the Canada Warbler range widely [28–31].
Conservation planning exercises are typically based on single dispersal estimates, and the implications
of uncertainty in these estimates are unknown. Furthermore, conservation planning algorithms often
rely on species distribution models which predict habitat suitability, species occurrence, or population
density across a landscape. However, these models are inherently more uncertain in under-sampled
areas, and this uncertainty is also not always accounted for during conservation prioritization exercises.

Conservation prioritization exercises are most useful when they directly inform resource allocation
decisions across landscapes [32]. Therefore, we consulted a variety of government, conservation, and
forest industry stakeholders to develop regional scenarios for prioritization [33] (see Supplementary
Materials). We then used the program Zonation [34] to evaluate priority areas for land conservation
and forest management to support Canada Warbler populations in the Canadian portion of BCR 14.
One set of scenarios was designed to prioritize areas for long-term land conservation (including future
climate change and connectivity to protected areas) and another set of scenarios prioritized areas for
forest management on tenured land managed by timber companies.
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We evaluated three estimates of natal dispersal distance for each set of scenarios. We evaluated
the impact of these factors on spatial outcomes and identified areas that were consistently prioritized.
We also compared conservation efficiency (proportion of the species’ current estimated population
protected per unit area) across scenario types and dispersal distance estimates. The resulting rankings
of the landscape in BCR14 are intended to support decisions for maintaining and managing Canada
Warbler habitat in this region by the two different user groups already described.

2. Materials and Methods

2.1. Study Area

The North American Bird Conservation Initiative (NABCI) defines BCRs as ecologically distinct
regions that share similar bird communities, habitats, and resource management issues [35]. We selected
the scale of the study as the Canadian portion of the Atlantic Northern Forest (BCR 14) for three reasons.
First, BCRs are used by Canadian government agencies as planning and management units for other
bird species at risk (e.g., [24,36]). Secondly, the Canada Warbler shows evidence of differential habitat
selection across BCRs [37], and we wished to limit the modelling to a population with shared habitat
requirements. Finally, limiting the scale of the study to the Canadian portion of the BCR allowed us
to use interoperable data and take advantage of existing Canadian bird conservation and forestry
networks comprised of government agencies, industry, and NGOs.

The Canadian portion of the Atlantic Northern Forest encompasses 20.4 million ha, including
Nova Scotia, Prince Edward Island, New Brunswick, and the Gaspé Peninsula of Québec ([38]; Figure 1).
This forest is within the Appalachian-Acadian Ecoregion, which also includes much of Maine and
Vermont, and parts of New York and New Hampshire. Human activities in this area have influenced
98.2% of the land area [39].

Figure 1. The Canadian portion of the Atlantic Northern Forest (Bird Conservation Region 14) showing
protected areas (green) and areas under lease for timber activity (white).
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The Atlantic Northern Forest is at the interface of two biomes, and includes tree species from the
northern boreal forest (e.g., Black Spruce Picea mariana, Eastern White Pine Pinus strobus, Balsam Fir
Abies balsamea) and southern temperate deciduous forest (e.g., Red Spruce Picea rubens, Red Maple
Acer rubrum, Sugar Maple Acer saccharum). Land ownership is predominantly private, with the
remainder under stewardship of the provinces. Known areas that are permanently protected from
development in this region comprise 1.4 million ha (7% of the land area), including national and
provincial parks, wilderness areas, and private protected landholdings [40]. Timberlands leased or
owned by industrial forestry companies cover 6.7 million ha (33% of the land area). We did not include
privately owned woodlots or timberlands in our analyses as we were unable to obtain a comprehensive
land use map for such properties.

2.2. Scenario Development

Recent habitat guidelines for Canada Warbler in the Atlantic Northern Forest identified two types
of stewardship approaches that could benefit this species: land conservation and forest management [13]
(see Supplementary Materials). Based on solicited input from land trust representatives, agency and
industrial forest managers, and scientists familiar with Canada Warbler ecology, we developed four
scenarios for land conservation and three for forest management (Table 1; see [33] (see Supplementary
Materials) for a description of stakeholder engagement and [13] (see Supplementary Materials) for
specific details on recommended responsible forest management practices for maintaining Canada
Warbler populations on the landscape).

Table 1. Spatial prioritization scenarios developed to support land conservation and forest management
planning for Canada Warbler conservation in the Atlantic Northern Forest.

Scenario
Group

Scenario
Code

Description of Areas Prioritized Included Data Layers

Land
Conservation

LC1 Areas of high current Canada Warbler
(CAWA) population density

CAWA presence 2005–2009, CAWA presence 2010–2015,
Population density, Model uncertainty

LC2 Areas of high current population density
that are connected to protected areas

CAWA presence 2005–2009, CAWA presence 2010–2015,
Population density, Model uncertainty, Protected areas

LC3
Areas of high predicted population density
under climate change that are connected to

areas of high current population density

CAWA presence 2005–2009, CAWA presence 2010–2015,
Population density, Model uncertainty, CAWA climate

baseline, CAWA climate 2050

LC4

Areas of high predicted population density
under climate change that are connected to

areas of high current population density
and protected areas

CAWA presence 2005–2009, CAWA presence 2010–2015,
Population density, Model uncertainty, Protected areas,

CAWA climate baseline, CAWA climate 2050

Forest
Management

FM1

Areas to serve as buffers or reserves during
timber harvesting that have high

population density and occur in wet forests
(assumed to have low timber productivity)

CAWA presence 2005–2009, CAWA presence 2010–2015,
Population density, Model uncertainty, Working lands,

Wet-poor habitat

FM2

Areas to harvest in upland forest areas
(assumed to have high timber productivity)

connected to wet forest areas with high
Canada Warbler density to encourage

colonization at 10–30 years post-harvest

Population density, Model uncertainty, Working lands,
Wet-poor habitat

Population density, Model uncertainty, Working lands,
Wet-poor habitat, Upland habitat, Protected areas

FM3

Areas to harvest in upland forest areas
(assumed to have high timber productivity)

with active avoidance of areas of high
population density

Subtraction of results of FM1 from FM2

2.3. Zonation Spatial Conservation Prioritization

2.3.1. Data layers and Pre-Processing

To develop the seven scenarios, we acquired input data in three categories: avian, landcover,
and administrative boundaries (Table 2).
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Table 2. Description of data layers used to generate prioritization scenarios for Canada Warbler in the
Atlantic Northern Forest (Bird Conservation Region 14).

Category Spatial Data Layer Description
Year

Pub-lish-ed
Units Data Ownership

Administrative
Boundaries

Protected areas

The Conservation Areas Reporting and
Tracking System geodatabase contains data
on national, provincial, and privately-held

protected lands, updated on an
annual basis.

2015 categories Canadian Council on Ecological
Areas

BCR14 Canadian portion of Bird Conservation
Region 14—Atlantic Northern Forest. 2013 categories NABCI

Provinces/states Federal, provincial, and state
administrative regions. 2000 categories ESRI 2000

Working lands
Extent of actively leased or owned tenures

by forestry companies, including both
private and Crown lands.

2014 categories Global Forest Watch Canada;
Environment Canada

Public lands
Unprotected public hands held by the

Crown or other government bodies. May
be currently under lease.

2013–2016 categories

Government (Gov’t) of Nova
Scotia (NS); Gov’t of New

Brunswick (NB), Gouv’t du
Québec, Gov’t of Prince Edward

Island (PEI)

Avian Data

Population density

Mean predicted population density of
Canada Warbler in 2014 based

predominantly on landcover and
disturbance variables.

2013 males/hectare Boreal Avian Modelling (BAM)
Project, Haché et al. 2014

Model uncertainty

Standard deviation of population density
of Canada Warbler in 2014 based
predominantly on landcover and

disturbance variables.

2013 males/hectare BAM, Haché et al. 2014

CAWA presence
2005–2009

Locations where Canada Warblers were
observed in point count surveys between

2005–2009.
2015 presence BAM

CAWA presence
2010–2015

Locations where Canada Warblers were
observed in point count surveys between

2010–2015.
2015 presence BAM

CAWA climate
baseline

Mean projected population density of
Canada Warbler from 1961–1990. 2014 males/hectare BAM, Stralberg et al. 2015

CAWA climate 2050
Mean projected population density of

Canada Warbler in 2050 based
predominantly on climate-related variables.

2014 males/hectare BAM, Stralberg et al. 2015

Landcover

Water bodies Provincial hydrographic features at
1:10,000 scale. 2008–2014 N/A

NS Department of Natural
Resources; NB Department of

Natural Resources/GeoNB (link);
Gov’t of Québec (pers. comm.);

Gov’t of PEI;

Wet-poor habitat

Treed areas categorized as wet-poor by the
Northeastern Habitat Types Classification
developed for ecosystems and habitats in

the Northeast US and Atlantic Canada.

2015 N/A

The Nature
Conservancy—Eastern

Conservation Science; Ferree and
Anderson 201

Upland habitat

Treed areas categorized as wet-poor by the
Northeastern Habitat Types Classification
developed for ecosystems and habitats in

the Northeast US and Atlantic Canada.

2015 N/A

The Nature
Conservancy—Eastern

Conservation Science; Ferree and
Anderson 2013

Our avian datasets were obtained from the Boreal Avian Modelling (BAM) Project [41–43].
The BAM project holds the largest dataset of boreal and hemiboreal observations of birds in North
America and accounts for heterogeneity in survey protocols by correcting abundance estimates for
detectability [42]. To determine suspected breeding locations, we divided point occurrences of Canada
Warblers into two groups (CAWA presence 2005–2009 and CAWA presence 2010–2015) to capture areas
showing persistent observations of Canada Warblers over time. Including recent presence information
allows conservation planners to locate areas of high likelihood of extant Canada Warblers to consider
for protection, and forest managers to avoid or operations in areas where they may harm, kill, or
harass Canada Warbler or their nests or eggs (which are illegal activities under Canada’s Species At
Risk Act, S.C. 2002). To predict Population density in a 1 km grid across the study area, we used a
national-scale species distribution model for Canada Warbler based on landcover and disturbance
data [44]. The standard deviation of the population density estimates across multiple data subsets was
used to represent Model uncertainty. As Zonation uses an additive approach to discount cell values by
uncertainty, we chose a measure of uncertainty in the same units as the population density estimates
(standard deviation), rather than using a standardized measure such as coefficient of variation. We
note that no data were available on productivity or occupancy for the Canada Warbler in this region,
nor fine-scale data to describe habitat characteristics (e.g., Lidar).
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To account for projected climate-induced shifts in abundance, we used 4 km population density
predictions from models based on climate, land-use, and topography covariates as compared to
the baseline population density (detailed description in [45]). CAWA climate baseline included
predicted population density from 1961–1990. Future projections were for the 2041–2070 time period
(CAWA climate 2050) based upon a high-end, business-as-usual emissions scenario (A2), averaged over
an ensemble of four global climate models from the Coupled Model Intercomparison Project (CMIP3)
dataset [46]. Although these future projections do not incorporate anticipated lags in vegetation
responses to climate change [17], we considered them a reasonable representation of long-term future
habitat suitability for this species, which in this region is projected to experience relatively moderate
shifts in density, as opposed to wholesale range shifts [47].

Administrative boundary layers included political and administrative borders (Provinces/ states
and BCR14), known forestry tenures (Working lands: lands owned or leased by forestry companies
for the purpose of industrial development; [47]), and Protected areas meeting any of the International
Union for the Conservation of Nature protected areas classifications I-IV (lands protected for long-term
biological values, [40]).

Landcover layers included Water bodies derived from 1:10,000 aerial imagery and layers of Wet-poor
habitat and Upland habitat (derived from the Northeastern Habitat Types Mapping Initiative; [48]). All
spatial data were processed using ArcGIS 10.2.2 [49]. All input and output data layers were rasters in
geotiff format with a cell size of 1000 × 1000 m, projected in Canada Lambert Conformal Conic.

2.3.2. Prioritization Analysis

We ran all analyses using Zonation 4.0 [18] with a mask of the land boundaries of the Atlantic
Northern Forest (an inverse of the layer Water bodies) applied to eliminate oceans and lakes. Detailed
run settings and input files are available at https://github.com/borealbirds/cawa-bcr-14. Zonation
identifies areas with high concentrations of features, which are the items that are desirable to prioritize
for the end use (e.g., population density, land ownership, etc.). Functions are used to apply rules
to determine how the features interact and how connectivity between the features are prioritized or
penalized [34].

Connectivity functions in Zonation rely on estimates of dispersal distance to determine whether
features or populations are ‘connected.’ Due to scarce species-specific dispersal data, Carroll et al. [50]
completed a prioritization analysis using an estimated dispersal distance (not specific to natal or
breeding) of 10 km for landbird species. For Canada Warbler, there are no published natal dispersal
estimates and only one known direct observation (10 km; L. Reitsma, unpublished data). Because natal
dispersal distances of landbirds are correlated with wing length and body mass [29,30], the Canada
Warbler’s average size (wing span = 20–22 cm, mass = 9.5–12.5 g; Reitsma et al. 2010) suggests a
median dispersal distance of 50 km [30]. However, estimates for similar-sized species vary widely,
from 0.5 km to 40 km [28–31]. Betts et al. [51] measured maximum breeding dispersal distances of
1–3 km for two species of forest-dwelling warblers whose ranges overlap that of Canada Warbler
(the Black-throated Blue Warbler, Setophaga caerulescens, and the Blackburnian Warbler, Setophaga fusca).
To account for the uncertainty regarding dispersal estimates for this species and capture the variation
in dispersal estimates for similar species, we evaluated three different natal dispersal estimates for
each scenario: low dispersal distance (LDD, 5 km), medium dispersal distance (MDD, 10 km), and
high dispersal distance (HDD, 50 km).

Zonation uses three primary algorithms to prioritize raster cells for selection: core area zonation
(CAZ), additive benefit function, and targets [18]. In this case we did not have an a priori conservation
target, which is one reason we chose Zonation over the similar software Marxan [19], which requires
proportional or area targets as inputs. We chose CAZ because it ensures that the most valuable areas
for each feature (“core areas”) are prioritized, rather than allowing trade-offs between features, as is
the case with additive benefit functions. In each iteration of the algorithm, CAZ chooses the cell with
the lowest retention value as specified by the features and connectivity functions, discards it, and then
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recalculates the value of all remaining cells. In this way, each cell is ranked in order of its priority for
selection, with the first cells selected being lowest priority and the last cells being highest priority [18].

For scenario LC1, we input the Population density feature (weight 1.0). In Zonation, features are
generally given a standard weight of 1.0 unless they are to be discounted due to uncertainty (such as
future climate projections) or increased in value due to particular management objectives [18]. We then
applied the ‘Distribution Smoothing’ function to aggregate areas with cells of high population density
connected by dispersal ability of Canada Warbler (dispersal kernel specified by α [18]; LDD = 5 km,
α = 4 × 10−4; MDD = 10 km, α = 2 × 10−4 HDD = 50 km, α = 4 × 10−5). The ‘Species of Special Interest’
function was used to increase the value of cells overlapping with CAWA presence 2005–2009 and/or
CAWA presence 2010–2015. Finally, we subtracted calculated Model uncertainty from all cells. After
applying all features and functions, cells were prioritized for selection by the CAZ algorithm. LC2
included all features and functions from LC1. We then added Protected areas as a feature (weight 1.0)
and used ‘Matrix Connectivity’ to prioritize selection of cells containing high Canada Warbler densities
within 5 km of protected areas (distance specified by applying weighting factor = 0.1). The ‘Matrix
Connectivity’ function multiplies the value of a cell based on its connectivity to other specified features,
with features being considered connected if they fall within the specified dispersal distance [18].

LC3 included all features and functions from LC1 with the addition of the ‘Ecological Interactions’
function, which prioritizes areas based on connectivity between a pair of features [18]. We thus
prioritized areas where high densities of Canada Warbler in both CAWA climate baseline (weight 0.75)
and CAWA climate 2050 (weight 0.75) were connected based on dispersal distance over 36 years
(dispersal ability kernel is represented byβ [18]; LDD= 5 km dispersal/year, 180 km total, β = 1.1 × 10−5;
MDD = 10 km dispersal/year, 360 km total, β = 5.56 × 10−6; HDD = 50 km dispersal/year, 1800 km
total, β = 1.1 × 10−6). We weighted climate features at 0.75 because assumptions about the future
are less certain than present estimates (Moilanen and Arponen 2011). LC4 included all features and
functions from LC2, with the addition of the ‘Ecological Interactions’ function used in LC3, in order to
prioritize areas connecting high current and future populations of Canada Warbler with each other
and with Protected areas.

FM1 included all features and functions from LC1 and added the ‘Administrative Units’ function,
which recognizes that conservation decisions can be limited by administrative boundaries [18]. Working
lands were given a weight of 0.5 to prioritize these areas for selection while maintaining connectivity
with outside areas. The ‘Matrix Connectivity’ function was used to prioritize areas connecting high
population density and Wet-poor habitat. FM2 included all features and functions from LC1 while
omitting the ‘Species of Special Interest’ function to avoid prioritizing cells with Canada Warbler
occurrences. ‘Matrix Connectivity’ was added to prioritize areas connecting high population density and
Upland habitat (weight = 0.5). This function is based on the assumption that upland areas have desirable
timber value and a greater potential to support Canada Warbler populations in 10–30 years after harvest
if connected to dispersal sources and managed appropriately [13] (see Supplementary Materials). We
added a second ‘Matrix Connectivity’ function to disincentivize prioritization of areas connecting high
population density with Wet-poor habitat (weight = −0.5), and a third ‘Matrix Connectivity’ function
deterring prioritization of areas connecting high population density with Protected areas (weight = −0.5).

FM3 was not completed in Zonation, but rather was derived by subtracting the FM2 solution
raster from the FM1 solution raster in ArcGIS. This was intended to identify areas for timber harvest
with the lowest risk of harm to populations and maximum economic opportunity.

2.3.3. Scenario Comparisons

For scenarios LC1–4 and FM1–2, we plotted performance curves representing conservation
efficiency (the proportion of current predicted Canada Warbler population protected as a function of
area protected, or not harvested in the case of FM2, at each dispersal distance estimate). Because of the
different objectives of the scenarios, and functions applied, it was not sensible to compare conservation
efficiency of all scenarios. We compared efficiency curves for scenarios with and without climate
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change but with all other factors being equal (LC2 and LC4). We also compared FM1 and FM2. Finally,
we compared mean differences in cell-level rankings for all land conservation scenarios and estimated
dispersal distances.

3. Results

For high resolution maps and data for all scenarios, visit https://github.com/borealbirds/cawa-bcr-
14. Of the land conservation scenarios (Figure 2), areas that were consistently prioritized in both current
and future climate scenarios included lands in central New Brunswick and the southeastern part of
Québec along the border with Maine. All land conservation scenarios prioritized cells with recent
and repeated observations of Canada Warbler, but these cells had a minimal effect on conservation
efficiency or overall distribution of priority areas (e.g., Figure 3). Relatively few areas in Nova Scotia
were prioritized in both current and future climate scenarios, except for small areas close to two large
national parks. Adding connectivity to protected areas had little impact on the geographic distribution
of areas prioritized in the current climate scenario (LC2), but had a more dramatic effect in the future
climate scenario (LC4).

 

Figure 2. Zonation scenarios to prioritize areas for land conservation for Canada Warbler in Bird
Conservation Region 14 at three natal dispersal distances: low dispersal distance (LDD, 5 km), medium
dispersal distance (MDD, 10 km), and high dispersal distance (HDD, 50 km). Scenario descriptions
given in Table 1. Priority rank for conservation scaled from blue (highest) to brown (lowest). Protected
areas indicated by outlined polygons.
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Figure 3. Zonation scenario to prioritize areas for land conservation with high current population
density of Canada Warbler which are connected to protected areas at a medium natal dispersal distance
(10 km). Crosshatched polygons indicate protected areas. Blue squares were highly prioritized because
they included observations of Canada Warbler made during point count surveys between 2005 and 2015.

Increasing the dispersal distance estimate increased the aggregation of prioritized areas, with
clusters of priority sites being larger and fewer in number for high dispersal distance scenarios, and
smaller and more widely distributed for low dispersal distance scenarios (Figure 2). Overall, in the high
dispersal distance scenarios, areas in Nova Scotia were rarely prioritized, with the largest aggregations
of prioritized cells occurring in central New Brunswick, and to a lesser extent, southeastern Québec for
current climate scenarios, and almost exclusively in Québec for future climate scenarios.

With the forest management scenarios (Figure 4), the emphasis was on forestry tenures; thus
results are most appropriately applied by individual managers to compare the relative values of areas
within those tenures when considering where to engage in responsible forest management practices
(guidance is available in an accompanying technical report [33]) (see Supplementary Materials). Both
FM1 and FM2 were affected by dispersal distance, shifting from many prioritized areas in Québec
under LDD and MDD scenarios to prioritizing almost exclusively areas in New Brunswick under
HDD scenarios.

When subtracting retention areas (FM1) from harvest priorities (FM2), the resulting scenario FM3
indicated that areas in the northern Gaspé Peninsula of Québec would be most effective at maximizing
harvest value while minimizing potential loss of Canada Warbler. As with the land conservation
scenarios, the prioritized areas were more aggregated with increased dispersal distance.

Scenario Comparison

For all scenarios, efficiency (proportion of current predicted Canada Warbler population retained
per unit area) declined with higher dispersal distance estimates. Including climate change reduced
land conservation scenario efficiency with respect to the current population (Figure 5). Efficiency was
not directly comparable between forest management and land conservation scenarios due to differing
objectives, as evidenced by the inverted efficiency curves for FM1 and FM2 (Figure 5), the former of
which was designed to prioritize areas to avoid during forest management with the latter prioritizing
areas to target for harvesting.
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Figure 4. Zonation scenarios to prioritize areas for responsible forest management for Canada Warbler
within forestry tenures in Bird Conservation Region 14 at three natal dispersal distances: 5 km (LDD),
10 km (MDD), and 50 km (HDD). Scenario descriptions given in Table 1. Priority rank for management
scaled from blue (highest) to brown (lowest). Protected areas indicated by gray polygons.

Figure 5. Response curves comparing efficiency (proportion of Canada Warbler population density
retained per unit area) for two forest management scenarios (left panel) and two land conservation
scenarios (right panel). Scenario descriptions given in Table 1. Curves shown at three dispersal
distances: 5 km (LDD, solid line), 10 km (MDD, hashed line), and 50 km (HDD, dotted line).
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For land conservation scenarios, cell-level rankings, which range from 0 to 1, differed more
between MDD and HDD scenarios (mean = 0.10, SD = 0.90) than between LDD and MDD scenarios
(mean = 0.04, SD = 0.04), with greater variation in differences also found between MDD and HDD
(Table 3).

Table 3. Percent change in mean cell-level rankings across Zonation prioritization scenarios to support
land conservation for the Canada Warbler when comparing between different estimated dispersal
distances: 5 km (LDD), 10 km (MDDs), and 50 km (HDD). Scenario descriptions given in Table 1.

Scenario
Dispersal Estimates

Compared

Mean Percent Change in Priority
Ranking of a Given Cell

between Scenarios

Standard Deviation of
Percent Change in
Priority Ranking

LC1 MDD-LDD 3 3
LC1 HDD-MDD 9 7
LC2 MDD-LDD 4 4
LC2 HDD-MDD 12 9
LC3 MDD-LDD 3 4
LC3 HDD-MDD 7 7
LC4 MDD-LDD 4 5
LC4 HDD-MDD 12 11

4. Discussion

We generated land conservation and forest management prioritization maps for the Canada
Warbler in the Canadian portion of the Atlantic Northern Forest. This exercise identified several
consistently prioritized areas for a range of stewardship objectives. In particular, central New Brunswick
and southern Québec emerged as important areas for conservation and management under both current
and future climate scenarios and when considering a range of possible dispersal distances. In general,
areas farther from the coast were more frequently prioritized for conservation. Including projected
effects of climate change on potential population density had dramatic effects in the scenarios, leading
to almost no areas prioritized for conservation in Nova Scotia, and shifting priority areas northward.
Within forest management tenures, the northern Gaspé Peninsula of Québec was consistently identified
as the area where forest harvesting activities may be most practical while avoiding impacts to current
Canada Warbler populations. This is consistent with Sólymos et al. [44], who predicted a lower average
Canada Warbler population density in the Gaspé Peninsula compared to the rest of the study area.

Given this species’ high conservation concern, our single-species exercise has potential to aid the
rapid implementation of conservation and recovery action. Our method was somewhat unique in
that landscape prioritization exercises are typically used for the assessment of biodiversity at large
scales considering many different species (e.g., [19,51]). For a given taxon, Zonation results that are
produced using only survey data could be different from those using species distribution models [52]
and including both as input features may offer benefits. Although in our case adding recent locations of
Canada Warbler only had a small impact on the overall solution, important differences were apparent
at the level of individual cells (1 km2). Including this element is critical for land managers making
decisions on small scales, as they indicate land parcels with persistent occupancy by Canada Warblers.
These areas can thus be targeted for permanent land conservation and avoided during forest harvesting.

Although our prioritization scenarios provide insight into possible locations to target conservation
and management activities, the spatial resolution of the scenarios (1 km) is too coarse to identify
specific habitat patches. While two finer-scale Canada Warbler species distribution models have been
constructed in this region [10,53], their coverage does not include the entire study area. Prioritized
areas should be regarded as suggestions that require more detailed investigation through comparison
with satellite imagery and ground-truthing before being considered candidates for conservation or
management activity. To maximize efficacy, our analysis should be repeated as finer-scale spatial data
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become available to support local management planning and to account for the small territory sizes of
the Canada Warbler (average 1 ha; [16,54]).

4.1. Accounting for Uncertainty

The predictions made by species distribution models, frequently used as input features in
conservation prioritization exercises, are inherently more uncertain in under-sampled areas [55,56]. We
accounted for this uncertainty by discounting densities by the standard deviation of mean population
density, and thus were able to focus priorities on areas of lower scenario uncertainty [24,57].

We also attempted to account for uncertainty about dispersal distances within Canada Warbler
populations by evaluating each scenario using three different dispersal distance estimates. These
estimates were intended to influence results by dictating the extent to which priority conservation and
management areas were required to be in close proximity to protected areas and known Canada Warbler
locations, and to influence the allowed distance between current and future projected Canada Warbler
distributions. However, we also used dispersal distance estimates within Zonation’s ‘Distribution
Smoothing’ function, which aggregates priority areas based on the assumption that fragmented
solutions are undesirable [18], thereby yielding results that were increasingly spatially aggregated
with larger dispersal distance estimates. This led to large differences in geographic priorities across
scenarios, suggesting the need for careful consideration of habitat connectivity requirements for
Canada Warbler and other species of conservation concern. Given that dispersal is a key parameter in
spatial conservation prioritization [50], our findings highlight the importance of considering a range of
dispersal assumptions. Future studies may benefit from multiple scenarios designed to isolate the
different ways in which dispersal estimates can influence results.

The increased level of spatial aggregation in conservation priorities with higher dispersal estimates
led to less efficient solutions in terms of the current predicted Canada Warbler population that would
be conserved per unit area. However, conservation efficiency was influenced less by assumptions about
dispersal distance than by assumptions about climate change effects on species’ distributions, due to
the large discrepancies between predicted current and future suitable habitats for boreal species [17].
Our results are consistent with those of Stralberg et al. [24], who found that incorporating potential
avian responses to climate change reduced conservation efficiency for current songbird populations.
This supports the idea that planning to incorporate climate change increases the size required for
protected areas to adequately conserve species [17,58,59].

4.2. Maintaining Viable Populations on the Landscape

Connectivity was important in identifying management opportunities through this prioritization
effort because Canada Warblers cluster in multi-territory “neighborhoods” [16,60]. Canada Warblers
use forest stands post-harvest more often if they are within 100 m of unharvested stands with
conspecific breeders; in one study, the presence of conspecifics was found to be more important than
habitat condition for predicting stand use [16]. Therefore, it is important to conserve or manage for
areas of sufficient size to support a neighborhood, although the ideal size and configuration of such
habitat patches is not yet known. It is also not known whether dispersal within and between such
neighborhoods is important for Canada Warbler population viability, nor what barriers to functional
connectivity [61] exist for this species in this region. However, observed population declines combined
with stable breeding productivity [62] suggest that eastern populations may not be limited by quality
or connectivity of breeding habitat.

Our scenarios that assumed a high dispersal distance (HDD) prioritized large areas in the northwest
portion of the study region. In contrast, the low dispersal distance (LDD) scenarios prioritized more
locations of smaller size across the Atlantic Northern Forest. Relying on the results from HDD scenarios
alone could undermine the goals of individual provinces to maintain native species by favoring the
conservation of fewer large populations rather than a larger number of small, spatially distributed
populations. The latter may be preferable from the standpoint of maintaining genetic variability
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across the landscape [63]. Furthermore, our scenarios that considered future climate projections
(particularly the HDD variants) assigned low priority to southern populations in Nova Scotia and
southern Québec—areas that become less hospitable to Canada Warbler in a warmer climate. Thus,
the LDD and current climate scenarios represent more conservative assumptions for conservation and
management. This may be more appropriate for a species that is experiencing population declines,
especially given range-wide projected increases in habitat suitability under climate change [17].

To guarantee long-term persistence of high-quality breeding areas for the Canada Warbler,
information on the capacity of habitats to support viable populations through detailed spatial
population viability analyses is critical [64]. Although Zonation uses connectivity of populations as a
surrogate for viability [20], this may not be as relevant for passerines, who have greater mobility than
taxa with small dispersal distances such as small mammals, plants, or colonial birds. By incorporating
measures of connectivity and including recent and repeated observations of Canada Warblers to locate
high priority areas, we may have been able to better prioritize the landscape for conservation of
high-value habitat than what was accomplished by using species distribution models or survey data
alone. We were not able to include data on habitat selection and reproductive success that may have
given a more direct indicator of population viability, which is being used in ongoing studies (Burns &
Reitsma, in revision; Amelie Roberto-Charron, pers. comm.; Junior Tremblay, pers. comm.). Future
prioritization efforts should include results of assessments of reproductive success and population
viability wherever possible in order to most accurately target areas to maintain population density on
the landscape. Such data would be particularly valuable if comparing harvested and unharvested
areas, to test the hypothesis of whether areas undergoing forest management represent ecological traps
for this species [65].

The present study advances the understanding of conservation issues and management
opportunities for Canada Warbler at a regional scale. Our results help to define priority areas
for Canada Warbler land conservation and forest management, and in conjunction with the habitat
guidelines for the Canadian portion of the Atlantic Northern Forest [13] (see Supplementary Materials),
they provide a toolkit for managers to immediately locate areas for implementing conservation and
management actions. We suggest that this approach, designed to support management objectives
for a single species, be applied to other species. We particularly encourage managers to apply this
prioritization approach to Canada Warbler populations in other BCRs in Canada and the U.S. to
support persistence of the entire breeding population.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/2/61/s1,
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Abstract: The southern extent of the boreal forest in North America has experienced intensive
human disturbance in recent decades. Among these, forest harvesting leads to the substantial loss of
late-successional stands that include key habitat attributes for several avian species. The American
Three-toed Woodpecker, Picoides dorsalis, is associated with continuous old spruce forests in the
eastern part of its range. In this study, we assessed the influence of habitat characteristics at different
scales on the occupancy of American Three-toed Woodpecker in a heavily-managed boreal landscape
of northeastern Canada, and we inferred species occupancy at the regional scale. We conducted 185
playback stations over two breeding seasons and modelled the occupancy of the species while taking
into account the probability of detection. American Three-toed Woodpecker occupancy was lower in
stands with large areas recently clear-cut, and higher in landscapes with large extents of old-growth
forest dominated by black spruce. At the regional scale, areas with high probability of occupancy
were scarce and mostly within protected areas. Habitat requirements of the American Three-toed
Woodpecker during the breeding season, coupled with overall low occupancy rate in our study area,
challenge its long-term sustainability in such heavily managed landscapes. Additionally, the scarcity
of areas of high probability of occupancy in the region suggests that the ecological role of old forest
outside protected areas could be compromised.

Keywords: boreal forest; clear-cutting; conservation; forest management; old-growth forest; Picoides
dorsalis; protected areas

1. Introduction

The boreal forest represents about 48% of the world’s forested biomes [1]. Boreal
landscapes are shaped by natural disturbances such as windthrows, forest fires and insect
outbreaks that generate a complex mosaic in vegetation structure and composition [2,3].
For several decades, however, the exploitation of natural resources has been adding to
natural disturbances in this biome [4] and has modified the structure and composition of
boreal ecosystems, including the reduction of late-successional stands called old-growth
forests [5,6].

Old-growth boreal forests are characterized, among several attributes, by irregular
vertical and horizontal structures, large volumes of deadwood either standing (snags)
or fallen (coarse woody debris) and in different decaying stages [7]. These attributes
are considered key for hundreds of species that depend upon dead or decaying woody
material during some part of their life cycle and that are found disproportionately in
old-growth forests [8,9]. The temporal continuity of these ecological attributes is also an
essential characteristic for many species [10,11]. For instance, a recent study highlights
the continuous supply of large slightly decayed snags in specific old-growth forest type
as a key element to provide temporal stability in the foraging habitat of the Black-backed
Woodpecker, Picoides arcticus [12].
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Deadwood provides foraging or breeding substrate for several vertebrate species [13].
Boreal woodpeckers, for example, are “ecosystem engineers” that create nesting cavities for
other vertebrates and are considered indicator species for deadwood-associated biodiver-
sity [14,15]. Among woodpecker species found within the boreal biome in North America,
the American Three-toed Woodpecker, Picoides dorsalis, is the most strongly associated with
continuous old spruce forests at the landscape scale [16–18]. Harvesting, especially of old-
growth coniferous forests, is thought to be detrimental to the species by limiting the supply
of deadwood [16,18–20]. However, most of the studies on the species in eastern Canada oc-
curred in regions where forests were harvested for the first time and where mature and old
stands were still relatively abundant amongst residual forests. In heavily-managed forest
landscapes, the persistence of the species remains uncertain. Indeed, in a recent attempt
to gain insight on the breeding ecology of American Three-toed Woodpecker in heavily
managed forest at the southern edge of its breeding range (New-Brunswick, Canada),
Craig et al. [21] reported the species in only 5.9% of the playback stations, and found
no predictors of site occupancy although most nests were found in recently dead black
spruce trees.

Here, we assess the influence of habitat characteristics at the stand and landscape
scales on the occupancy of American Three-toed Woodpecker during the breeding period
in a heavily-managed, unburned boreal forest landscape of eastern Canada, and infer the
probability of occupancy of the species at the regional scale. We expect that American
Three-toed Woodpecker occupancy would be favoured by old spruce forest stands but
negatively affected by recently harvested forest stands and higher forest fragmentation,
and that the probability of occupancy of the species at the regional scale would be low.

2. Materials and Methods

2.1. Study Area

This study was conducted at the Forêt Montmorency (Université Laval’s Experimental
Forest), and the Réserve Faunique des Laurentides, Québec, Canada (47◦4′ N. 71◦0′ W.;
Figure 1). The study area covers approximately 210 km2 within the balsam fir-white birch
bioclimatic domain in the continuous boreal forest subzone [22], which represents the
southernmost section of the boreal forest in eastern Canada [23]. More precisely, the study
area is classified within the high-elevation balsam fir–white birch zone with elevation
ranging between 600 and 1100 m [24]. Forest stands within the study area are dominated
by balsam fir Abies balsamea and black spruce Picea mariana, the latter being more abundant
at higher elevation. Companion species are white birch (Betula papyrifera), white spruce
(Picea glauca), and tamarack (Larix laricina). In the region, average age-class structure of
the natural variability observed over the last few centuries includes 86% of old forest
stands [25]. However, intensive logging during the 20th and early 21st century led to a
net reduction in the cover of mature and old forest stands [26]. During the 1909–2005 time
frame, 105% of the high-elevation boreal landscape has been harvested with some areas
logged twice [27]. Consequently, the studied area is now dominated by young regenerating
stands (0–19 years; 39%), while the cover of old forests (>90 years) is approximately
25%. Young closed (20–59 years) and mature (60–89 years) forests as well as non-forested
lands (e.g., lakes, wetlands, etc.) respectively cover 11, 16 and 9% of the study area.
Dominant cover tree species of old forest stands are balsam fir (55%), black spruce (42%)
and tamarack (3%).
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Figure 1. Habitat composition and location of surveyed stations where American Three-toedWoodpecker was detected
(black circles) and not detected (grey circles) during occupancy surveys conducted between 2016 and 2017 within the
Forêt Montmorency and the Réserve Faunique des Laurentides (Québec, Canada). Boundaries of the boreal zone [28] are
delimited by the green zone in the left insert. The black line delineates the boundaries of the study area in the large insert.

2.2. Woodpecker Surveys

In 2016 and 2017, we conducted woodpecker occupancy surveys during American
Three-toed Woodpecker breeding season at stationary stations distributed along forest
roads. We did not stratify the sampling per se but rather targeted areas with clusters of un-
harvested patches within the vicinity of old forest stands. Surveyed stations were distanced
by a minimum of 255 m (mean ± standard deviation: 554 ± 442 m; range 255–3414 m),
while mean elevation at stations was 889 ± 37 m (range 819–1015 m). Surveys lasted five
minutes (300 s), during which conspecific playbacks were displayed, and we noted the time
elapsed since the start of the playback when an individual was observed or heard. Similar
to the method used by Craig et al. [21], the 300-s conspecific display was divided into two
120-s observation periods which constituted the two visits used in occupancy analyses (see
below). Both observation periods were interspersed by a 60-s pause. Playbacks were mixed
from recordings obtained from xeno-canto [29] and the Macaulay Library [30]. Playbacks
could be heard to approximately 450 m by the human ear in the field. We conducted
surveys between 5:47 a.m. and 3:32 p.m., when precipitations were absent or minimal and
wind speed ≤ 3 on the Beaufort scale (12–19 km h−1). Afterward, we accessed three-hour
mean wind speed from the nearest weather station located 18 km northwest of the study
area for further analysis [31].
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2.3. Habitat Characteristics

We investigated the influence of habitat characteristics that were likely to affect the
occupancy of American Three-toed Woodpecker by calculating vegetation covariates within
buffers of 250 and 750 m-radii centered on each surveyed station, representing respectively
the stand and landscape scales. The landscape scale was selected based on home range size
estimates obtained for one female and two male American Three-toed Woodpeckers during
the nesting period in the study area, which averaged 177 ha (J.A. Tremblay, unpublished
data). Vegetation covariates were calculated using the eco-forestry layers available as of
2017 for the study area [32]. At the stand scale, we calculated the area (ha) covered by
recent clear-cut stands clear_cut. At the stand and landscape scales, we measured the area
(ha) covered by old forest (≥90 years) dominated by black spruce old_spruce and mean
forest age mean_age. We weighted mean_age by the area covered by even-aged stands within
the buffers around each surveyed station. We calculated the standard deviation of mean
stand age sd_age as an index of habitat fragmentation at the landscape scale. Based on
the literature in eastern Canada [16–18], the area covered by non-forested lands in the
landscape, the area covered by young (20–59 years) and mature (60–89 years) forests at
the stand and landscape scales have been considered marginal for the American Three-
toed Woodpecker in the selection of its habitat during the breeding season and thus were
excluded from occupancy analyses (see below). We nevertheless compared mean value of
all habitat characteristics between stations where the American Three-toed Woodpecker
was detected, not detected and a set of 185 random stations distributed randomly into
the study (Table 1) area using a Kruskal–Wallis test in R statistical environment version
4.0.2 [33].

Table 1. Description and mean values ± standard deviation (s.d.) of habitat characteristics measured at the stand
(250 m-radii) and landscape (750 m-radii) scales at stations where the American Three-toed Woodpecker was detected,
not detected and at random stations during occupancy surveys in managed boreal forest in eastern Canada. Shared letters
indicate no significant differences in habitat characteristics among stations (Kruskal–Wallis test). Habitat characteristics in
bold are included in occupancy analyses.

Habitat
Characteristic

Description
Not Detected

(n = 163)
Detected
(n = 22)

Random
(n = 185)

clear_cut_250 Area (ha) covered by recent (0–19 years) clear-cut 6.58 (4.62) a 3.91 (4.17) b 6.60 (5.89) a

mean_age_250 Mean forest age (year) 70.78 (25.44) a 83.27 (30.27) a 64.92 (32.34) b

mean_age_750 70.07 (15.34) a 76.27 (20.63) a 64.33 (19.47) b

young_250 Area (ha) covered by young closed forest (20–59 years) 1.29 (2.96) a 0.86 (1.54) a,b 3.24 (5.06) b

young_750 14.71 (24.20) a 8.34 (10.62) a 27.03 (35.24) b

mature_250 Area (ha) covered by mature forest (60–89 years) 4.87 (4.64) a 6.23 (5.72) a 3.11 (3.80) b

mature_750 38.49 (21.80) a 48.89 (23.05) a 28.00 (22.32) b

old_spruce_250 Area (ha) covered by old forest (≥90 years) dominated by black
spruce

2.92 (3.04) a 3.85 (3.46) a 2.26 (3.51) b

old_spruce_750 21.87 (13.18) a 26.00 (16.33) a 19.92 (15.08) a

sd_age_750 Standard deviation of forest age 56.71 (8.89) a 53.08 (9.35) a 54.62 (9.80) a

nf_750 Area (ha) covered by non-forested lands in the landscape 21.04 (19.98) a 26.44 (23.93) a 12.00 (16.16) b

2.4. Occupancy Analyses

We used single-species occupancy modeling in the unmarked R library to investigate the
influence of habitat characteristics on the probability of occupancy of American Three-toed
Woodpecker [34,35]. We converted survey detections of American Three-toed Woodpecker
into presence–absence data. To account for imperfect detection probability during surveys,
we first estimated the effect of year, Julian day, wind speed (m s−1) and hour of the
day on detection probability of American Three-toed Woodpecker. We used a two-step
approach [36] to determine which detection parameter(s) to retain in the occupancy models.
We first estimated the effect of each detection parameter by ranking univariate models in
which occupancy was held constant. We also included a null model in which detection and
occupancy were held constant (Table A1). The five candidate models were ranked based
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on the second-order Akaike’s information criterion AICc [37]; using the aictab function of
the AICcmodavg R library [38].

We developed a set of 10 biologically relevant candidate occupancy models represent-
ing hypotheses to investigate the influence of habitat characteristics on the probability of
occupancy of American Three-toed Woodpecker (Table 2). This set also included a null
model of constant occupancy. Strongly correlated covariates (|r| ≥ 0.60; Table A2) were
not included in the same candidate model to reduce multicollinearity. We ranked candidate
models based on the AICc and we made inference on the top models with ΔAICc < 2.
Parameter-averaged predictions of covariates appearing in the most parsimonious models
were calculated over their measured range while holding other variables at their mean
value. Finally, we inferred a predicted probability of occupancy of American Three-toed
Woodpecker from the top models (Table 2) at the regional scale (30 km × 30 km square
zone) within the balsam fir–white birch bioclimatic domain.

Table 2. Candidates models, number of parameters (k), second-order Akaike’s information criterion (AICc), ΔAICc, Akaike
weights (ω), log-likelihood (LL) of the candidate models assessing occupancy (ψ) and detection probability (p) of American
Three-toed Woodpecker in a managed boreal forest in eastern Canada.

Candidate Model k AICc ΔAICc ω LL

~ p(time) ~ ψ(clear_cut_250 + old_spruce_750) 5 176.56 0.00 0.49 −83.11
~ p(time) ~ ψ(clear_cut_250) 4 178.46 1.90 0.19 −85.12
~ p(time) ~ ψ(mean_age_250 + sd_age_750) 5 178.99 2.43 0.15 −84.33
~ p(time) ~ ψ(clear_cut_250 + mean_age_750) 5 180.22 3.65 0.08 −84.94
~ p(time) ~ ψ(mean_age_250) 4 182.46 5.89 0.03 −87.12
~ p(time) ~ ψ(old_spruce_250 + sd_age_750) 5 182.76 6.20 0.02 −86.21
~ p(time) ~ ψ(sd_age_750) 4 183.63 7.06 0.01 −87.70
~ p(time) ~ ψ(mean_age_250 +
old_spruce_750) 5 183.86 7.30 0.01 −86.76

~ p(time) ~ ψ(null) 3 185.05 8.49 0.01 −89.46
~ p(time) ~ ψ(old_spruce_250) 4 185.25 8.68 0.01 −88.51

3. Results

Between 19 May and 13 July 2016 and between 26 May and 29 June 2017, we broad-
casted American Three-toed Woodpecker playbacks at 185 stations, including 35 revisited
stations in 2017. American Three-toed Woodpecker was detected at 22 (11.9%) of the 185
stations. Forest composition and structure differed between sampled and random stations
since we targeted our sampling effort towards clusters of older residual forest patches
distributed close to non-forested lands such as waterbodies and wetlands in the study area
(Table 1). Indeed, mean forest age at the stand and landscape scale and the area covered
by old spruce at the stand scale were lower at random than sampled stations. In addition,
the area covered by mature stands at both scales was also lower at random stations, while
the dominance of young stands tended to be greater. Finally, non-forested habitats in the
landscape were less important at random than sampled stations (Table 1).

Time of the day was retained in the most parsimonious model and accounted for
42% of model selection weight (Table A1). The models including year (ΔAICc = 1.61) and
date (ΔAICc = 1.95) were equivalent and did not differ from the null model (ΔAICc = 1.77).
Only time of the day influenced the probability of detection of American Three-toed
Woodpecker (ptime: 0.37, 95% C.I.: [0.03, 0.71]) and therefore was the only detection
parameter included in occupancy models. Mean occupancy rate of American Three-toed
Woodpecker in the study site was 0.17 ± 0.04, and mean detection probability when the
time of the day was fixed to its mean value was 0.48 ± 0.11.
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Two models had a substantial level of empirical support in influencing occupancy
of the American Three-toed Woodpecker (ΔAICc < 2; Table 2). Together, these models
accounted for 68% of the AIC weight. At the stand scale, occupancy of American Three-toed
Woodpecker decreased with increasing recent clear-cut area (ψclear_cut_250: −0.20, 95% C.I.:
[−0.34, −0.06], Figure 2a). The area covered by recent clear-cuts at the stand scale was
also lower at stations where American Three-toed Woodpecker was detected compared to
stations where the species was not detected or random stations (Table 1). At the landscape
scale, occupancy of the species tended to increase with an increase in the area covered by
old forest dominated by black spruce (ψold_spruce_750: 0.04, 95% C.I.: [0.00–0.08], Figure 2b),
with increasing uncertainty in confidence intervals > 40 ha most likely due to the scarcity
of large old spruce forest stands in our study area.

 
(a) (b) 

Figure 2. Influence on the occupancy of American Three-toed Woodpecker in managed boreal forest in eastern Canada of
the area (ha) covered by (a) recent clear-cut stands at the stand scale (250 m radii) and (b) old spruce stands at the landscape
scale (750 m radii). The shaded grey area represents 95% confidence interval, and symbols represent the distribution of raw
data with symbol size proportional to the (log + 1) number of observations.

Extrapolating results inferred from our top occupancy models (Table 2) to a larger extent
within the balsam fir–white birch bioclimatic domain showed that only 12.3% of the region
had moderate- to high-predicted probability of occupancy (>0.5) of the American Three-toed
Woodpecker. About half of these areas (6.7%) were located within protected areas. Areas with
high-predicted probability of occupancy (>0.75) of the species represented 4.7% of the region
where only 1.0% were in managed forests outside protected areas (Figure 3).
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Figure 3. Predicted probability of occupancy of American Three-toed Woodpecker at the regional
scale within the balsam fir–white birch bioclimatic domain. Probability of occupancy is inferred from
the top-ranking models (ΔAICc < 2; Table 2). The dashed and solid black lines respectively delineate
the boundaries of the study area and protected areas and white polygons indicate non-forested lands.

4. Discussion

In a heavily-managed landscape at the southern edge of the boreal forest, the American
Three-toed Woodpecker exhibited a low mean occupancy rate (0.17 ± 0.04) where its
probability of occupancy decreased rapidly with increasing area of recent clear-cut at
the stand scale. The amount of old spruce forest was positively associated with species
occupancy at the landscape scale. Our results suggest that logging history in the region may
have created an unsuitable forest landscape (i.e., dominated by younger age-classes and
fragmented residual older forest stands) to support a long-term population of American
Three-toed Woodpecker.

Habitat associations of the American Three-toed Woodpecker vary across its range.
In a meta-analysis focusing on successional trajectories of bird communities following
fire and harvesting in boreal forests of western Canada, Schiek and Song [39] report the
American Three-toed Woodpecker more common in older mixed wood and white spruce.
In western Quebec, Imbeau and Desrochers [16] document a positive association between
the American Three-toed Woodpecker with the amount of old spruce forest in continuous
coniferous forest. Similarly, Cadieux and Drapeau [18] report a higher occurrence of the
species in black spruce forest stands older than 90 years and no occurrence in younger
coniferous stands. Accordingly, we find that the occupancy of the American Three-toed
Woodpecker during the breeding period increases with old spruce forest stands in a
managed landscape. This result agrees with our prediction as it has been shown that the
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American Three-toed Woodpecker preferentially forages on relatively large and senescent
or recently dead coniferous trees to access bark-associated beetles (Scolytinae) by scaling
layers of bark with strong preference for black spruce in eastern Canada [17,40,41].

Recent clear-cut at the stand scale have a negative effect on the occupancy of the
American Three-toed Woodpecker. This result agrees with our expectation and with
previous studies about the sensitivity of the species to forest harvesting, especially in
the eastern part of its distribution range [19,20,41,42]. Accordingly, in the black spruce
moss domain of eastern Canada, recent clear-cuts have a lower density of snags, and the
American Three-toed Woodpecker is solely found in old-growth forest [19]. In addition to
a reduction in the deadwood abundance, long-term recruitment of large-diameter snags
is compromised in clear-cut stands [43]. In a closely-related species, the Black-backed
Woodpecker, old coniferous forests with a greater volume of recently dead trees than
adjacent recent cuts are selected for foraging during the breeding period [44]. Similar
foraging avoidance of recent clear-cut areas may be occurring in our study site for the
American Three-toed Woodpecker. Indeed, timber harvesting peaked during the period
1996–2004 and ended in 2009, and although we did not quantify the volume and decay
stages of deadwood, it is reasonable to think that most deadwood in clear-cuts had entered
late decay classes and was of low quality for foraging American Three-toedWoodpecker at
the time of our study.

Our results do not report a predictive effect of habitat fragmentation at the landscape
scale on the occupancy of the American Three-toed Woodpecker. Forest edge avoidance
by foraging American Three-toed Woodpecker has been reported, where high-quality
substrates near stand edges are used less frequently than available [41]. In addition,
movements of foraging woodpeckers also appear to be constrained in residual forests
following harvesting [16,41]. Hence, the effect of habitat fragmentation seems to act on a
finer scale, and our results suggest that at a larger scale (i.e., landscape), the amount of
old forests may strongly influence the occurrence of the species. For instance, most of our
detection of the species occurred close to forest patches of mature or old forests rather than
residual strips of forest (Figure 1).

Only 1% of the forest stands in managed forests at the regional scale show high pre-
dicted probability of occupancy of the American Three-toed Woodpecker. This is likely a
consequence of forestry practices, mainly driven by clear-cutting during the last century
which has led to a substantial reduction of old forest cover in the region [26,27]. Such prac-
tices can hardly sustain biodiversity associated with old coniferous forest stands, especially
for species with large home ranges. For example, habitat alteration from anthropogenic
activities is a threat of high concern for populations of Woodland Caribou Rangifer tarandus
caribou across Canada’s boreal biomes, including the local population in our study area,
which is considered “not self-sustaining” [45]. Fennoscandia previously experienced a
similar situation where old-growth forests have almost completely disappeared [46,47],
and it is estimated that 30–50% of the red-listed species in these regions are associated
with old-growth forest attributes [48,49]. In boreal ecosystems, conservation strategies
cannot be based solely on a network of protected areas but rather on how unprotected areas
are managed [50]. Hence, management practices mimicking the attributes of old-growth
forests by ensuring a continuous recruitment of deadwood appear important for maintain-
ing species associated with old spruce forests. Within these practices, partial harvesting
may be efficient in maintaining a relatively high abundance of deadwood and associated
deadwood-dependent species such as the American Three-toed Woodpecker [51,52], al-
though the efficiency of such practices has not yet been assessed. The ecological role of
old forests in our study area seems to be altered, and the situation may require revised
management practices and a passive restoration of the ecological integrity of old forests
outside protected areas in the region sensu [53].
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5. Conclusions

With 185 stations sampled over two breeding seasons, our study on the occupancy of
the American Three-toed Woodpecker is one of the first conducted in a heavily harvested
landscape at the southern edge of the boreal forest. The overall low occupancy of the
species within our study area raises questions about the long-term sustainability of such
heavily managed landscapes for the American Three-toed Woodpecker. Areas of high-
predicted occupancy of the species in the studied region are mostly found in protected
areas, providing evidence that heavy forest harvesting is a detrimental driver that likely
contributed to the significant long-term declining trends of the species over the 1970–2019
period in the province of Québec (−0.96%.year−1; 95% C.I.: [−0.70–−1.22]; [54]) and at
a larger scale in the boreal hardwood transition bird conservation region (−3.5%.year−1;
95% C.I.: [−2.0–−5.2]; [55]). The southern part of the boreal forest in eastern Canada,
where we conducted our study, has experienced one of the most important human distur-
bances in the past decades, mainly related to forest harvesting [4]. We pledge for more
detailed studies on this discrete keystone species in different regions with varying forest
harvesting intensity, at the stand scale (going from clear-cutting to partial harvesting) and
landscape scale (from pristine to heavily harvested), focusing on demographic parameters
(i.e., reproductive success and survival) and habitat selection.
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Appendix A

Table A1. Model selection based on the AICc for the estimation of detection probability (p) of American
Three-toed Woodpecker in managed boreal forest in eastern Canada. The number of parameters (k),
second-order Akaike’s information criterion (AICc), ΔAICc, Akaike weights (ω), log-likelihood (LL) are
included in the table and occupancy (ψ) is held constant for each candidate model.

Candidate
Model

k AICc ΔAICc ω LL

~ p(time) 3 185.05 0.00 0.42 −89.46
~ p(year) 3 186.66 1.61 0.19 −90.27
~ p(null) 2 186.82 1.77 0.17 −91.38
~ p(date) 3 187.00 1.95 0.16 −90.44
~ p(wind) 3 188.60 3.55 0.07 −91.23
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Table A2. Correlation among habitat characteristics included in occupancy analyses.

mean_age_250 clear_cut_250 old_spruce_250 mean_age_750 sd_age_750 old_spruce_750

mean_age_250 1
clear_cut_250 −0.53 1

old_spruce_250 0.42 0.03 1
mean_age_750 0.66 −0.36 0.19 1

sd_age_750 0.19 0.31 0.32 0.28 1
old_spruce_750 0.29 0.17 0.60 0.37 0.23 1
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Conservation of Forest Birds; Mikusiński, G., Roberge, J.-M., Fuller, R., Eds.; Cambridge University Press: Cambridge, UK, 2018;
pp. 79–134. ISBN 978-1-139-68036-3.

14. Drapeau, P.; Nappi, A.; Imbeau, L.; Saint-Germain, M. Standing Deadwood for Keystone Bird Species in the Eastern Boreal Forest:
Managing for Snag Dynamics. For. Chron. 2009, 85, 227–234. [CrossRef]

15. Tremblay, J.A.; Savard, J.-P.L.; Ibarzabal, J. Structural Retention Requirements for a Key Ecosystem Engineer in Conifer-Dominated
Stands of a Boreal Managed Landscape in Eastern Canada. For. Ecol. Manag. 2015, 357, 220–227. [CrossRef]

16. Imbeau, L.; Desrochers, A. Area Sensitivity and Edge Avoidance: The Case of the Three-Toed Woodpecker (Picoides Tridactylus) in
a Managed Forest. For. Ecol. Manag. 2002, 249–256. [CrossRef]

17. Nappi, A.; Drapeau, P.; Leduc, A. How Important Is Dead Wood for Woodpeckers Foraging in Eastern North American Boreal
Forests? For. Ecol. Manag. 2015, 346, 10–21. [CrossRef]

18. Cadieux, P.; Drapeau, P. Are Old Boreal Forests a Safe Bet for the Conservation of the Avifauna Associated with Decayed Wood in
Eastern Canada? For. Ecol. Manag. 2017, 385, 127–139. [CrossRef]

19. Imbeau, L.; Savard, J.-P.L.; Gagnon, R. Comparing Bird Assemblages in Successional Black Spruce Stands Originating from Fire
and Logging. Can. J. Zool. 1999, 77, 1850–1860. [CrossRef]

20. Imbeau, L.; Mönkkönen, M.; Desrochers, A. Long-Term Effects of Forestry on Birds of the Eastern Canadian Boreal Forests:
A Comparison with Fennoscandia. Conserv. Biol. 2001, 1151–1162. [CrossRef]

21. Craig, C.; Mazerolle, M.J.; Taylor, P.D.; Tremblay, J.A.; Villard, M.-A. Predictors of Habitat Use and Nesting Success for Two
Sympatric Species of Boreal Woodpeckers in an Unburned, Managed Forest Landscape. For. Ecol. Manag. 2019, 438, 134–141.
[CrossRef]

22. Saucier, J.-P.; Robitaille, A.; Grondin, P.; Bergeron, J.-F.; Gosselin, J. Les Régions Écologiques Du Québec Méridional, 4th ed.; Carte à
l’échelle de 1/1 250,000; Ministère Des Ressources Naturelles et de La Faune Du Québec: Quebec, QC, Canada, 2011.

54



Diversity 2021, 13, 35

23. Saucier, J.-P.; Grondin, P.; Robitaille, A.; Gosselin, J.; Morneau, C.; Richard, P.J.H.; Brisson, J.; Sirois, L.; Leduc, A.; Morin, H.; et al.
Écologie forestière. In Manuel de Foresterie—Nouvelle Édition Entièrement Revue et Augmentée; Ordre des ingénieurs forestiers du
Québec, Ed.; Éditions Mulitmondes: Quebec, QC, Canada, 2009; pp. 165–316.

24. Boucher, Y.; Grondin, P.; Noël, J.; Hotte, D.; Blouin, J.; Roy, G. Classification Des Écosystèmes et Caractérisation Des Forêts Mûres et
Surannées: Le Cas Du Projet Pilote de La Réserve Faunique Des Laurentides; Gouvernement du Québec, Ministère des Ressources
naturelles et de la Faune, Direction de la Recherche Forestière: Quebec, QC, Canada, 2008.

25. Boucher, Y.; Bouchard, M.; Grondin, P.; Tardif, P. Le Registre Des États de Référence: Intégration Des Connaissances Sur La Structure,
La Composition et La Dynamique Des Paysages Forestiers Naturels Du Québec Méridional; Gouvernement du Québec, Ministère des
Ressources naturelles et de la Faune, Direction de la recherche forestière: Quebec, QC, Canada, 2011.

26. Desrochers, A.; Drolet, B. Le Programme de Surveillance Des Oiseaux Nicheurs de La Forêt Montmorency: Une Nouvelle Source
de Tendances Des Populations d’oiseaux Nicheurs Pour La Forêt Boréale Au Québec. Nat. Can. 2017, 141, 61–74. [CrossRef]

27. Boucher, Y.; Grondin, P. Impact of Logging and Natural Stand-Replacing Disturbances on High-Elevation Boreal Landscape
Dynamics (1950–2005) in Eastern Canada. For. Ecol. Manag. 2012, 263, 229–239. [CrossRef]

28. Brandt, J.P. The Extent of the North American Boreal Zone. Environ. Rev. 2009, 17, 101–161. [CrossRef]
29. Xeno-Canto. Available online: https://www.xeno-canto.org/ (accessed on 1 May 2016).
30. Macaulay Library—The Cornell Lab of Ornithology. Available online: https://www.macaulaylibrary.org/ (accessed on 1 May 2016).
31. Weather Archive in Fort Montmorency, METAR. Available online: https://rp5.ru/Weather_archive_in_Fort_Montmorency,

_METAR (accessed on 15 August 2020).
32. Ministère des Forêts, de la Faune et des Parcs. Norme de Stratification Écoforestière: Quatrième Inventaire Écoforestier du Québec

méridional; Secteur des Forêts. Direction des Inventaires Forestiers: Québec, QC, Canada, 2015; ISBN 978-2-550-73857-2.
33. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2020.
34. Mackenzie, D.I.; Nichols, J.D.; Lachman, G.B.; Droege, S.; Royle, J.A.; Catherine, A. Langtimm Estimating Site Occupancy Rates

When Detection Probabilities Are Less than One. Ecology 2002, 2248–2255. [CrossRef]
35. Fiske, I.; Chandler, R. Unmarked: An R Package for Fitting Hierarchical Models of Wildlife Occurrence and Abundance.

J. Stat. Soft. 2011, 43. [CrossRef]
36. Clement, M.A.; Barrett, K.; Baldwin, R.F. Key Habitat Features Facilitate the Presence of Barred Owls in Developed Landscapes.

ACE 2019, 14, art12. [CrossRef]
37. Burnham, K.P.; Anderson, D.R. Model Selection and Multi-Model Inference: A Practical Information-Theoretic Approach, 2nd ed.;

Springer: New York, NY, USA, 2002; ISBN 0-387-95364-7.
38. Mazerolle, M.J. AICcmodavg: Model Selection and Multimodel Inference Based on (Q)AIC(c). R Package Version 2.3-0. 2020. Available

online: https://repo.bppt.go.id/cran/web/packages/AICcmodavg/vignettes/AICcmodavg.pdf (accessed on 20 May 2020).
39. Schieck, J.; Song, S.J. Changes in Bird Communities throughout Succession Following Fire and Harvest in Boreal Forests of

Western North America: Literature Review and Meta-Analyses. Can. J. For. Res. 2006, 36, 1299–1318. [CrossRef]
40. Imbeau, L.; Desrochers, A. Foraging Ecology and Use of Drumming Trees by Three-Toed Woodpeckers. J. Wildl. Manag. 2002, 66, 222.

[CrossRef]
41. Gagné, C.; Imbeau, L.; Drapeau, P. Anthropogenic Edges: Their Influence on the American Three-Toed Woodpecker (Picoides

dorsalis) Foraging Behaviour in Managed Boreal Forests of Quebec. For. Ecol. Manag. 2007, 252, 191–200. [CrossRef]
42. Hagan, J.M.; McKinley, P.S.; Meehan, A.L.; Grove, S.L. Diversity and Abundance of Landbirds in a Northeastern Industrial Forest.

J. Wildl. Manag. 1997, 61, 718. [CrossRef]
43. Vaillancourt, M.-A.; Drapeau, P.; Gauthier, S.; Robert, M. Availability of Standing Trees for Large Cavity-Nesting Birds in the

Eastern Boreal Forest of Québec, Canada. For. Ecol. Manag. 2008, 255, 2272–2285. [CrossRef]
44. Tremblay, J.A.; Leonard, D.L., Jr.; Imbeau, L. American Three-toed Woodpecker (Picoides dorsalis). Version 1.0. In Birds of the World;

Rodewald, P.G., Ed.; Cornell Lab of Ornithology: Ithaca, NY, USA, 2020.
45. Environment Canada. Recovery Strategy for the Woodland Caribou, Boreal Population (Rangifer Tarandus Caribou) in Canada [Proposed].

Species at Risk Act Recovery Strategy Series; Environment Canada: Ottawa, ON, Canada, 2011; pp. vi + 55.
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Abstract: The arrangement of habitat features via historical or contemporary events can strongly
influence genomic and demographic connectivity, and in turn affect levels of genetic diversity and
resilience of populations to environmental perturbation. The rusty blackbird (Euphagus carolinus) is
a forested wetland habitat specialist whose population size has declined sharply (78%) over recent
decades. The species breeds across the expansive North American boreal forest region, which contains
a mosaic of habitat conditions resulting from active natural disturbance regimes and glacial history.
We used landscape genomics to evaluate how past and present landscape features have shaped
patterns of genetic diversity and connectivity across the species’ breeding range. Based on reduced-
representation genomic and mitochondrial DNA, genetic structure followed four broad patterns
influenced by both historical and contemporary forces: (1) an east–west partition consistent with
vicariance during the last glacial maximum; (2) a potential secondary contact zone between eastern
and western lineages at James Bay, Ontario; (3) insular differentiation of birds on Newfoundland;
and (4) restricted regional gene flow among locales within western and eastern North America. The
presence of genomic structure and therefore restricted dispersal among populations may limit the
species’ capacity to respond to rapid environmental change.

Keywords: Euphagus carolinus; genetic diversity; boreal; glacial refugia; phylogeography

1. Introduction

The spatial organization of suitable habitat across the landscape via historical and
contemporary events plays an important role in the maintenance of both genetic and
demographic connectivity within plant or animal populations. Discontinuities in habitat,
whether from physical barriers or from natural or anthropogenic disturbances, fragment
populations into smaller units and can diminish levels of connectivity when (1) the distance
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between suitable habitat patches exceeds the dispersal capacity of individuals or (2) dis-
persing individuals do not successfully reproduce. In this way, spatial habitat heterogeneity
influences effective dispersal (dispersal followed by reproduction) by individuals, which
in turn impacts gene flow and population dynamics (i.e., potential outcome of disper-
sal, [1,2]). Isolation, whether by distance or environment, often results in lower levels of
intra-population genetic variation and higher levels of inter-population genetic differentia-
tion across a species’ range, which can have major short- and long-term implications on
population persistence. For example, isolated populations with reduced genetic diversity
may lose adaptive potential, accumulate deleterious mutations, or experience increased
inbreeding [3–7]—all of which can reduce individual fitness and increase vulnerability of
populations to decline and extirpation [8–10].

While habitat configuration can have a profound influence on population structure and
dynamics, species-specific responses to habitat heterogeneity vary widely due to differences
in life history characteristics [11]. In some species, reduced connectivity among habitats
may be offset by either high dispersal capabilities [12,13] or the presence of relatively
continuous habitat during critical parts of the annual cycle that promote genetic exchange
(e.g., mating). Even in highly vagile migratory species, however, habitat fragmentation
and availability can contribute to genetic differentiation [14,15]. Thus, the capacity to
move may be insufficient alone to offset the negative effects of habitat loss. Effective
dispersal (i.e., with reproduction) can have a stronger effect on population demographics
than the dispersal event alone [16–18]. Because of this, conservation strategies may need
to promote site conditions favorable for successful reproduction in addition to general
landscape connectivity, as gene flow is essential for population persistence in a changing
environment [16–18]. However, determining the effective outcome of dispersal events
is often difficult or nearly impossible with banding or telemetry data alone as neither
can directly infer successful reproduction. Genetic signatures can provide insights into
the success of natal dispersal and connectivity among breeding areas, which are relevant
to the conservation of populations. Population genomics can help identify areas where
connectivity across the landscape enriches genetic diversity and enhances the resiliency of
populations to environmental perturbation. It can also identify where contemporary or
historical limitations in dispersal have led to genomic structuring and distinct populations
that may require specific management strategies to remain viable. Thus, population
genomics provides a powerful approach to understanding implications of dispersal and
can fill information gaps in traditional movement data, especially in migratory birds that
nest in remote regions (see references within [15]) such as the vast boreal forest biome of
North America.

North America’s boreal forest biome contains ≥ 25% of the world’s wetlands and
intact forests [19,20], which provide important habitats to over 300 bird species during the
breeding season [21]. While migratory songbirds across North American have undergone
concerning population declines, boreal nesting species have exhibited some of the most
dramatic declines over the past half century [22,23]. Rusty blackbirds (Euphagus carolinus)
are an unfortunate example of this pattern; since 1966 the global population size is estimated
to have decreased by 78% [23,24], with the decline likely ongoing since the late 19th

century [25,26]. Loss of wooded wetlands on the wintering grounds in the southern United
States is suspected as a principal driver of these declines [27]. However, methylmercury
contamination on the breeding grounds [28–30], conversion of wetland habitats used
during migration [31], alteration of boreal wetland breeding habitats, and climate change
are also likely contributing factors [27,32,33].

Little is known regarding patterns of genomic connectivity and differentiation among
nesting areas of rusty blackbirds, owing to their expansive and remote distribution span-
ning the boreal forest biome from Alaska eastward to Newfoundland and northern New
England. However, banding, migration tracking, and stable-isotope analyses indicate a
general migratory divide. Rusty blackbirds nesting in Alaska and western Canada migrate
west of the Appalachian Mountains to winter in the Mississippi Alluvial Valley, while
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birds nesting in eastern Canada and the northeastern United States migrate east of the
Appalachian Mountains and winter on the Southeastern Coastal Plain [34–36]. There have
been no phylogenetic studies on the species to date, but birds breeding on Newfoundland
and Magdelen Islands, Quebec and wintering in South Carolina have been described as a
putative subspecies (E. c. nigrans) that is phenotypically distinct from the nominate form
breeding over the remainder of the range [37].

Here we present a landscape genomic approach to examine the influence of historical
(Last Glacial Maximum, LGM) and contemporary processes on patterns of diversity within
the rusty blackbird, using reduced representation genomic (double-digest restriction-site
associated DNA sequences, ddRAD; biparentally inherited) and mitochondrial DNA data
(mtDNA, maternally inherited). Much of the present-day geographic extent of the Nearctic
boreal biome was covered by ice sheets during the LGM ~20,000 years ago. Consequently,
the post-glacial colonization of the region by flora and fauna expanding their ranges from
south of ice sheets or from ice-free glacial refugia such as Alaska (Beringia) and the Atlantic
Shelf [38] has influenced how genetic diversity within species is arrayed across boreal
landscapes (e.g., [39–42]). Within glacial refugia, populations that diverged in isolation
during the LGM generally harbor greater levels of genetic diversity than populations
in areas recolonized after glacial retreat, except in areas where lineages from separate
refugia intermixed [43]. As the present-day distribution of rusty blackbirds spans the
entire North American boreal biome including previously glaciated and unglaciated areas,
we hypothesize that (1) rusty blackbirds likely contracted to at least two refugia during
the LGM as suggested for other avifauna (e.g., [44]). Further, we hypothesize that (2)
the putative subspecies of rusty blackbird (E. c. nigrans, [37]) residing on the island of
Newfoundland would be differentiated from eastern populations on the mainland through
insular isolation, LGM isolation in the Atlantic Shelf refugium, or isolation through other
physical barriers (e.g., [45,46]).

Just as the repeated glacial and interglacial cycles of the 2.5 million-year Pleistocene
epoch were a powerful force shaping patterns of genetic diversity in boreal forest birds [47],
contemporary genetic diversity and structure are also dependent on behavioral and bio-
logical aspects of individual species [48] that influence their capacity to move across the
landscape [49,50]. Indeed, interpopulation variation in dispersal traits is often related to
landscape structure (see [51]). The boreal biome is a mosaic of wetland complexes, upland
forests, and montane areas and therefore comprises a naturally fragmented landscape for
wetland habitat specialists, such as the rusty blackbird [52]. Although rusty blackbirds
are able to move long distances and traverse large gaps in suitable habitat during migra-
tion (e.g., Lake Erie, [31], western cordillera, [53]), the broad level migratory connectivity
observed [35] may equate to some degree of philopatry within each region (i.e., return to
natal area to reproduce). We therefore hypothesize that (3) rusty blackbirds will display
genetic structure within western and eastern North America.

2. Materials and Methods

2.1. Sampling and DNA Extraction

Blood was sampled from 205 rusty blackbirds captured from 5 May to 15 July 2009–
2018 in mist nets placed near their nests or in post-breeding foraging areas across their
breeding range (Figure 1, see Table 1 for sample sizes and locality names). Genomic DNA
was extracted using a DNeasy Blood and Tissue kit following the manufacturer’s protocols
(Qiagen, Valencia, CA, USA). Extractions were quantified using a Broad Range Quant-iT
dsDNA Assay Kit (Thermo Fisher Scientific, Inc., Waltham, MA USA).
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Figure 1. Nesting distribution of rusty blackbirds with sampling locations color-coded and numbered (see Table 1). We
note that location 13 (white circle) includes sample locations in Vermont and New Hampshire, USA, and location 12 (grey
circle) includes both Nova Scotia and New Brunswick, Canada. The scatter plots are of the first two principal components
plotted for haplotypic data, with the proportion of variance explained, from 6205 autosomal and 231 Z-linked loci (males
only, because principal components analysis (PCA) does not accommodate heterogamy).

2.2. ddRAD-seq Library Preparation

Sample preparation for ddRAD sequencing followed the double-digest protocol out-
lined in DaCosta and Sorenson [54]. Genomic DNA (~1 μg) was digested with high fidelity
versions of Sbf I and EcoRI restriction enzymes (New England Biolabs, Ipswich, MA, USA).
Amplification and sequencing adapters containing unique barcode or index sequences
were ligated to the sticky ends generated by the restriction enzymes. Libraries were size
selected using gel electrophoresis (size range 300–450 bp) and purified using a MinElute
Gel Extraction Kit (Qiagen) following the manufacturer’s protocol. Size-selected fragments
were amplified with Phusion high-fidelity DNA polymerase (Thermo Scientific, Pittsburgh,
PA, USA) for 20 cycles, and purified using AMPure XP beads (Beckman Coulter, Inc.,
Indianapolis, IN, USA). Libraries were pooled in equimolar amounts determined via quan-
titative PCR (KAPA Biosystems, Wilmington, MA, USA). Single-end (150 bp) sequencing
was completed on an Illumina HiSeq 4000 at the University of Oregon Core Genomics
Facility. Raw Illumina reads are accessioned on National Center for Biotechnology Infor-
mation (NCBI) Sequence Read Archive (BioProject PRJNA699594, Biosample accessions:
SAMN17803887-SAMN17804091, see [55] for additional sample information).
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Table 1. Indices of genetic diversity for rusty blackbirds sampled across their North American nesting distribution.
Descriptive statistics are listed by marker type (ddRAD autosomal and Z-linked loci, and mtDNA control region) and
include nucleotide diversity (π: autosomal [A], z-linked [Z]), effective population size (Ne) based on the molecular co-
ancestry method, number of haplotypes (H), haplotype diversity (h) along with sample size (n). Locations are listed west to
east. Single standard deviation and 95% confidence limits are in parentheses. Significant values are indicated by asterisks.
Refer to Figure 1 for location numbers.

Location
ddRAD mtDNA

π − A π − Z Ne n H π h Fs D n

1 Bethel, Alaska, USA 0.0065 0.0041 – 6 4 0.0046
(0.0033)

0.867
(0.129) 0.3 −0.4 6

2 Anchorage, Alaska, USA 0.0069 0.0048 46.7
(38.5–55.7) 24 13 0.0050

(0.0031)
0.899

(0.046) −5.1* −1.2 24

3 Cordova, Alaska, USA 0.0065 0.0045 – 6 2 0.0012
(0.0013)

0.333
(0.215) 1.6 −1.1 6

4 Tanana, Alaska, USA 0.0067 0.0048 – 9 4 0.0022
(0.0017)

0.694
(0.147) 0.0 −0.8 9

5 Tetlin NWR, Alaska, USA 0.0070 0.0049 48.7
(36.6–62.5) 30 14 0.0038

(0.0025)
0.893

(0.040) −6.3* −1.4 31

6 Yukon Flats, Alaska, USA 0.0070 0.0049 21.3
(18.4–24.5) 25 15 0.0048

(0.0030)
0.952

(0.029) −9.2* −0.8 22

7 Yukon Territory, Canada 0.0058 0.0043 – 4 3 0.0034
(0.0029)

0.833
(0.222) 0.0 1.1 4

8 Alberta, Canada 0.0069 0.0048 26.5
(23.5–29.7) 21 12 0.0039

(0.0025)
0.922

(0.035) −5.8* −1.1 22

9 Manitoba, Canada 0.0066 0.0048 – 7 7 0.0063
(0.0042)

1.000
(0.076) −3.6* −0.4 7

10 Ontario, Canada 0.0070 0.0048 41.3
(33.9–49.3) 23 15 0.0036

(0.0024)
0.949

(0.028) −11.6* −1.2 23

11 Newfoundland, Canada 0.0062 0.0037 19.1
(16.7–21.6) 10 4 0.0040

(0.0027)
0.691

(0.128) 0.9 −0.4 11

12 Nova Scotia/New Brunswick, Canada 0.0061 0.0040 – 5 7 0.0069
(0.0045)

1.000
(0.076) −3.8* 0.1 7

13 New Hampshire/Vermont, USA 0.0068 0.0046 22.4
(19.4–25.6) 28 13 0.0047

(0.0029)
0.878

(0.041) −5.2* −0.3 28

All populations 0.0061 0.0050 – 198 – – – – – 200

2.3. Bioinformatics

Illumina reads were demultiplexed at the core facility and processed using the com-
putational pipeline described by DaCosta and Sorenson ([54], custom Python scripts [56]).
Briefly, the pipeline filters and clusters reads into putative loci based on sequence similar-
ity (85%) using custom scripts and the UCLUST function in USEARCH v.5 [57]. Genomic
positions of loci were determined by BLAST analysis [58] to the Taeniopygia guttata (Zebra
Finch GenBank assembly reference GCA_003957565.1) reference genome. MUSCLE v.3 [59]
was used to align the reads within each cluster with genotyping of samples completed
through custom scripts (See [60]). Genotypes were scored homozygous if > 93% of sequence
reads were consistent with a single haplotype, whereas heterozygotes were scored if a
second haplotype was represented by at least 29% of the reads, or if a second haplotype
was represented by 20–29% of reads and the haplotype was present in other individu-
als. Loci were also “flagged” if the number of single-nucleotide polymorphisms (SNPs)
was > 10, and if > 3 SNPs showed strong linkage. Alignments were visually inspected
in Geneious (Biomatters Inc. San Francisco, CA), which allowed us to retain loci with
insertion/deletions or high levels of polymorphism. To limit any biases due to sequencing
error and/or allelic dropout, a minimum of 10 total reads was required to score a genotype
as heterozygous with alleles with less than 5X coverage were scored as missing. Loci with a
median depth of 10 per individual, < 10% missing genotypes, and < 10% flagged genotypes
across all individuals were retained for downstream analyses.

Finally, autosomal and Z chromosome-linked loci were identified as described in
Lavretsky et al. [60], with assignments based on differences in sequencing depth and
homozygosity between males and females. Chromosomal positions across loci were
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attained by using blastn results against the Taeniopygia guttata reference genome from
previous steps in the bioinformatic pipeline. These positions were used to verify marker
type based on sequencing depth. Because females have only one Z chromosome, Z-linked
markers in females are expected to appear homozygous and be recovered at about half the
sequencing depth of males.

2.4. mtDNA Sequencing

Rusty blackbird individuals were sequenced at the mtDNA control region domain
I and II. We amplified a 543-base pair (bp) fragment using primer pairs RUBL_CR114L
(5’–TCTTTGCCCCATCAGACAGC–3’) and BBCR_Rev1 [61]. Polymerase chain reaction
(PCR) amplifications, cycle-sequencing protocols, and post-sequencing processing followed
Sonsthagen et al. [62], with one exception: excess dNTPs and primer were removed using
ExoSAP-IT (ThermoFisher Scientific, Waltham, MA, USA). PCR products were sequenced
at Functional Biosciences, Inc. (Madison, WI, USA). For quality control purposes, we
extracted, amplified, and sequenced 10% of the samples in duplicate. No inconsistencies
in mtDNA sequences were observed between replicates. Sequence data are accessioned
on GenBank (accession numbers: MW574845-MW574901; see [55] for additional sample
information).

2.5. Population Divergence and Nucleotide Diversity

We calculated (1) nucleotide diversity (π) of each ddRAD locus (autosomal and
Z-linked) and overall (all loci combined) and (2) composite pairwise estimates of relative di-
vergence (φST) between sample locations using a custom Python script (out2phistA.py [63]).

Haplotype (h) and nucleotide (π) diversity were calculated for mtDNA in ARLEQUIN
2.0 [64]. Fu’s FS [65] and Tajima’s D [66] were calculated to test the hypothesis of selective
neutrality and evidence of population fluctuations as implemented in ARLEQUIN. We
applied critical significance values of 5%, which requires a p-value < 0.02 for Fu’s FS [65]. An
unrooted haplotype network for mtDNA loci was constructed in NETWORK 5.0.1.1 (Fluxus
Technology, Suffolk, England 2019) using the reduced median method [67] to illustrate
possible reticulations in the gene tree because of homoplasy or recombination. The degree
of genetic divergence within rusty blackbirds was assessed by calculating overall and
pairwise FST [frequency-based) and ΦST using a nucleotide substitution model [68] in
ARLEQUIN.

2.6. Population Structure—ddRAD

Population structure was analyzed using four complementary methods with dif-
ferent underlying assumption requirements: (1) principal components analysis (PCA,
nonparametric method) to identify major trends in the distribution of genetic variation;
(2) maximum likelihood clustering analysis to estimate the number of underlying pop-
ulations using individual SNPs in the program ADMIXTURE (parametric method); (3)
fineRADstructure utilizing haplotypes (concatenation of all variable sites at each locus) to
assess contemporary genetic relationships based on shared co-ancestry; and (4) estimate
effective migration surfaces (EEMS, [69]) to identify regions that deviate from a null model
of isolation-by-distance (IBD).

First, a PCA was implemented on Autosomal and Z-linked loci separately using
haplotypic/allelic data and the dudi.pca function in the adegenet R package [70,71]. As
PCAs require individuals to be either diploid or haploid, we only included males (in birds,
the sex with two copies of Z chromosome) in the analysis of the Z chromosome loci. We
plotted individuals relative to the first two principal components to determine the degree
that genetically similar individuals cluster into distinct geographic groups.

Second, maximum likelihood estimates of population assignments across individuals
were obtained with ADMIXTURE v.1.3 [72,73]. We used all autosomal bi-allelic SNPs with
singletons (i.e., rare SNPs observed in only one individual) excluded and without a priori
assignment of individuals to populations. First, SNPs were formatted for analyses using
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plink [74], following steps outlined in Alexander et al. [75]. ADMIXTURE analysis was
run with a 10-fold cross-validation, and a quasi-Newton algorithm employed to accelerate
convergence [76]. Each analysis used a block relaxation algorithm for point estimation
and terminated once the change (i.e., delta) in the log-likelihood of the point estimations
increased by < 0.0001. To limit any possible stochastic effects from single analyses, we ran
100 iterations at each population of K (from K of 1–18). The optimum K was based on the
average of CV-errors across the 100 analyses per K; however, additional K’s were analyzed
for further population structure resolution. We then used the program CLUMPP v.1.1 [77]
to determine the robustness of the assignments of individuals to populations at each K.
First, ADMIXTURE outputs were converted into CLUMPP input files at each K using the R
program PopHelper [78]. In CLUMPP, we employed the Large Greedy algorithm and 1000
random permutations to estimate final admixture proportions for each K with per sample
assignment probabilities (Q estimates, the log likelihood of group assignment) based on all
100 replicates per K.

Third, we used the fineRADstructure program [79] to cluster individuals into popula-
tions with indistinguishable genetic ancestry using a haplotype-based approach. FineR-
ADstructure focuses on the most recent coalescent events (common ancestry) providing
information on recent sample relatedness which can be informative regarding levels of
contemporary gene flow. Samples were assigned to populations using 5,000,000 iterations
sampled every 1000 steps with a burn-in of 500,000. We used 1,000,000 iterations of the
tree-building algorithm to assess genetic relationships among clusters. Finally, the output
was visualized using the R scripts, fineradstructureplot.r and finestructurelibrary.r [80].

We implemented the spatial method EEMS [69] to estimate effective gene flow (m)
and genetic diversity (q) in order to identify areas across the breeding range that deviate
from the null expectations of IBD. This method is based on a stepping-stone model where
individuals are allowed to move between neighboring demes and gene flow rates can vary
by locality. Expected genetic dissimilarity under the model depends on sample location and
gene flow rates. Regions where genetic dissimilarity decays more quickly than expected
are identified as barriers to gene flow or, conversely, corridors where genetic dissimilarity
decayed more slowly than expected. A migration surface that correlates genetic variation
with geography is interpolated to visualize potential barriers or corridors to movement. In
addition, the model estimates an effective diversity parameter (q), which is the expected
within-deme coalescent time and is proportional to average heterozygosity.

We used the same set of SNPs as in Admixture and calculated a dissimilarity matrix
using bed2diffs R code included with the EEMS package [81]. An outer coordinate file
was constructed using Google Maps API v3 [82] that included the species’ entire breeding
distribution [52]. Based on preliminary runs, we adjusted parameters, so the accepted
proportion of proposals of variance was at least between 10% and 40%. We ran three inde-
pendent analyses using 10,000,000 burn-in steps followed by 50,000,000 MCMC iterations
sampled every 2000 steps for each deme size (100,250). We checked for convergence and
visualized effective migration and diversity surfaces using the R package rEEMSplots [69].

2.7. Effective Population Size—ddRAD

Contemporary effective population size (Ne) was estimated from 6184 loci with
NeEstimator v.2.1 [83] based on two methods: the linkage disequilibrium (LD) method [84]
which tests for the nonrandom associations among alleles at different loci formed by genetic
drift in small populations [85] and the molecular co-ancestry method [86] which evaluates
the level of allele sharing among individuals. Further, we excluded rare alleles below a
range of allele frequency values (Pcrit) from the linkage disequilibrium model to evaluate
the effects of low-frequency alleles on Ne estimates. Variance in Ne estimates across a
range of Pcrit values suggests a history of gene flow and/or the presence of first-generation
dispersers, whereas stable Ne estimates are indicative of isolated populations [87]. We
estimated Ne using a haplotype-based approach and Pcrit values between 0.01 and 0.09 and
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without a frequency restriction. Confidence limits (95%) were determined by jackknifing
over loci. Ne was not estimated for sites with a sample size < 10.

2.8. Hindcasted Paleo-Distributions of Breeding Rusty Blackbirds

Finally, we evaluated the paleo-hindcasted maps of the potential LGM breeding range
of rusty blackbirds by Stralberg et al. [53]. This was to assess whether population isolation
during the LGM may have contributed to genomic structuring detected in our analyses of
mtDNA and ddRAD. Models of rusty blackbird breeding density were developed by fitting
boosted regression trees [88] to bioclimatic indices derived from current climate normals
(1961–1990) as predictors of species abundance data derived from surveys conducted across
the species’ boreal range [89]. Climate variables were chosen from a set of bioclimatic
indices [90] based on several criteria, including relevance to vegetation distributions,
avoidance of extreme collinearity, and a preference for seasonal over annual variables
when they showed high correlations. The final set of variables included extreme minimum
temperature, chilling degree days below 0 ◦C, growing degree days above 5 ◦C, seasonal
temperature difference, mean summer precipitation, climate moisture index [91], and
summer climate moisture index.

Models were then fed inputs from downscaled paleo-climate projections for 21,000
years before present, according to two global climate models, Community Climate Model
(CCM1) and Geophysical Fluid Dynamics Laboratory model (GFDL, [92]), to develop
hindcast projections of the species’ potential LGM breeding distribution [53]. We used
projections from Stralberg et al. [53] to develop modified maps of potential LGM density
that included areas thought to be covered by the Cordilleran and Laurentide ice sheets.
This was to show where suitable habitats may have existed in unglaciated micro-refugia
within the major ice sheets or along coastlines adjacent to known refugia now submerged
under the sea (e.g., Bering Land Bridge, Grand and Georges Banks; [38]).

3. Results

3.1. Bioinformatics—ddRAD

We obtained over 294,699,715 million raw sequencing reads (median = 1,432,707
reads per individual, range 901,000–1,943,040) with a maximum 150 bp length. Initial
exploration of genotyping results revealed that most loci were unambiguously genotyped
across samples. We removed seven samples that were deemed to be of close familial
relationship (e.g., siblings) based on preliminary PCAs and fineRADstructure results, and
field notes (location, date, and age of individuals sampled). For the remaining 198 samples,
a total of 6443 clusters (i.e., putative single-copy loci) met the depth/genotype threshold.
Of these loci, 6436 passed automated checks for alignment quality or passed thresholds
after manual edits that yielded 42,446 SNPs or insertion/deletion (polymorphic sites) from
6381 polymorphic loci. Of those, 6205 loci and 231 loci were assigned to autosomal and the
Z chromosome, respectively. Final datasets comprised loci with a median sequencing depth
of 118 reads per locus per individual (median range = 73−175 reads/locus/individual),
and on average 98.5% (minimum of 80.0%) of alleles per individual per locus were scored.

3.2. Population Divergence and Molecular Diversity

Autosomal nucleotide diversity across the 6205 ddRAD loci was similar for all lo-
cations (0.0058–0.0070) with overall value of 0.0061 (Table 1). The highest percentage of
loci with no variation (i.e., nucleotide diversity equals zero) was found within Yukon
Territory, Canada (21.9%) and Vermont, USA (19.5%). Similar pattern was observed with
Z-linked loci with overall nucleotide diversity of 0.0050 (range 0.0037–0.0049, Table 1).
Among the 231 Z loci, Yukon Territory (39.4%) and Vermont (38.5%) had the highest per-
centage of non-variable loci. It should be noted that these populations also had the smallest
sample size.

Overall, we uncovered relatively moderate levels of genetic differentiation across
sample locations with Z-linked loci showing a 1.5× higher level of differentiation than
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autosomal (Figure 2; φSTAutosomal = 0.019; φSTZ-linked= 0.029). Autosomal and Z-linked
loci ΦST values ranged from 0.002 to 0.082 and −0.016 to 0.144, respectively, with highest
degrees of pairwise differentiation found between Newfoundland and other locations and
between eastern and western locales (Figure 2). This pattern is reflective in the number
of loci showing elevated pairwise divergence (φST > 0.1) which ranged from 0.2–30.3% of
loci (12–1880 loci) across all comparisons (overall 0.8%, n = 52) for autosomal loci and from
0.9–33.3% for Z-linked loci (overall 5.2%, n = 12).

Figure 2. Pairwise ΦST (above diagonal) and FST (below diagonal) for mtDNA control region (A) and pairwise ΦST estimate
for 6205 autosomal loci (above diagonal) and 231 Z loci (below diagonal (B). Darker colors indicate higher values. The
northeastern region where higher levels of genetic differentiation were found is outlined.

We uncovered 56 unique mtDNA haplotypes characterized by 36 variable sites. Nu-
cleotide and haplotype diversity were generally similar across sampled locations, except
Cordova, Alaska which exhibited lower levels of diversity (n = 4, π = 0.0012, h = 0.333),
and Nova Scotia/New Brunswick, Canada (n = 7, π = 0.0069, h = 1.000) and Manitoba
(n = 7, π = 0.0063, h = 1.000) which exhibited higher diversity (Table 1). Tajima D was not
significant, which is consistent with a hypothesis of selective neutrality of mtDNA. Fu’s
Fs was significantly negative for eight populations, suggestive of historical population
growth.

Two main haplotype groups were observed in the mtDNA network, although sepa-
rated by one or three variable sites depending on evolutionary pathway (e.g., presence
of reticulations, Figure 3). The first group consisted of mainly Alaska locales with only 2
samples from eastern region and 17 haplotypes though only one haplotype was predomi-
nately represented. Conversely, the second group consisted of samples from both regions
but was predominately comprised of central and eastern locations and 39 haplotypes
with no one dominate haplotype. Genomic structure was uncovered with higher levels
of differentiation estimated between Newfoundland and other sample locales, as well as
between northeastern and Alaska locales. Similar results were observed with ddRAD loci;
pairwise ΦST values ranged from −0.046 to 0.677 (overall ΦST = 0.147), and pairwise FST
values ranged −0.014 to 0.438 (overall FST = 0.073, Figure 2).
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Figure 3. Unrooted mitochondrial DNA haplotype median-joining network for rusty blackbirds. Size of circle is proportional
to the frequency of each haplotype observed.

3.3. Population Structure—ddRAD

For PCA, plotting samples relative to the first two principal component axes based on
autosomal loci recovered four main clusters that included (1) Newfoundland, (2) Nova Sco-
tia and northeast United States, (3) Ontario, and (4) central Canada and Alaska (Figure 1).
These four clusters were also retained but overlapped more when using only Z-linked
loci. When PCA included samples only from Cluster 4 (central Canada through Alaska),
Anchorage and Canada (Manitoba and Alberta) samples appear slightly differentiated from
all other Alaska samples, although there is overlap in PC components (results not shown).

All possible K values were explored across ADMIXTURE analyses (Figure 4A). When
K = 2, samples from northeastern locales (Clusters 1 and 2 in PCA) and Alaska and central
Canada (PCA Cluster 4) were assigned with high probability to unique clusters. Ontario
(PCA Cluster 3) was intermediate between (~70–80% assignment to Alaska cluster) the two
main groups. When K = 3 or 4 are considered, the same overall pattern remained except
central Canada (Manitoba and Alberta) and Ontario make up a third cluster with variable
assignment probability (40–98%, see Supplementary Figure S1).

FineRADstructure revealed more sub-structuring than ADMIXTURE analyses, with in-
dividuals clustering mainly by geographic proximity (Figure 4B, Supplementary Figure S2).
Locales in northeast North America had the highest shared co-ancestry values with samples
being assigned to (1) Newfoundland, (2) Nova Scotia, and (3) northeast United States. On-
tario samples were assigned to their own population but in agreement with ADMIXTURE,
it shared higher co-ancestry with all other groups/populations indicating connectivity to
western (overall higher with central Canada than Alaska) and northeastern locales. Samples
from the central and western breeding range were primarily assigned to three main groups:
(1) Alaska (excluding most Anchorage samples), (2) Anchorage, and (3) central Canada
(Alberta and Manitoba). Unlike northeastern North America and Ontario where groups
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were mutually exclusive, there was some admixture indicated by individuals being placed
in a non-origin group within these central Canada and western populations, for example,
Cordova, Alaska and Yukon Territory individuals being grouped with central Canada.

Figure 4. Population assignment analysis using the program (A) Admixture and (B) fineRADstructure. Average assignment
probabilities for K = 2 inferred from bi-allelic single nucleotide polymorphisms in ADMIXTURE. FineRADStructure co-
ancestry matrix indicating pairwise genetic similarity between individuals. Inferred populations are indicated by clustering
in accompanying dendrogram and locations are indicated by color blocks for general region (solid blocks on right, color was
chosen based on locale making up highest proportion of cluster) and by individual (single bars at left). Colors correspond
to sampling locations indicated in Figure 1. Co-ancestry values were capped at 60 for illustrative purposes as only a few
comparisons were above that value (see Supplementary Figure S2).

EEMS analysis highlighted regions of lower gene flow than expected under IBD.
Migration surfaces were similar across deme sizes with one exception. Regions with
reduced gene flow were (1) south-central Alaska, (2) Yukon Territory (only present with
deme size 250), (3) Alberta, (4) eastern and western Ontario, and (5) Maritime provinces of
Canada (Newfoundland, New Brunswick, and Nova Scotia; Figure 5). All these regions
had high posterior probabilities (> 0.90) except for the western boundary of Ontario. These
boundaries roughly correspond to the population clustering observed in fineRADstructure.
High gene flow was characteristic across the remaining distribution.

3.4. Effective Population Size—ddRAD

Although Ne estimates were 10-fold lower for Anchorage, Alaska, and Alberta based
on the linkage disequilibrium method, 95% confidence limits overlapped for all of the
sampled sites as the upper bounds were infinity (Figure 6). Variation in Ne estimates
across Pcrit values was observed for Alaska sites (Tetlin and Yukon Flats), Ontario, and
New Hampshire, indicative of past gene flow or the presence of first-generation dispersers
affecting Ne estimates. Point estimates for Ne for Newfoundland were infinity, indicating
there is no evidence that the population is not very large. However, lower bounds of
95% confidence levels using jackknife method ranged from 83.5 (Pcrit = 0.09) to 372.9
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(Pcrit = 0.01) providing a plausible limit for Ne [93]. Conversely, Ne estimates based on the
molecular co-ancestry method were lower for two Alaska sites (Anchorage and Tetlin) and
Ontario (Table 1).

Figure 5. The estimated effective migration surfaces between all sampling locales (black circles) for deme size 250. White
areas indicate gene flow rates consistent with isolation by distance expectations whereas shaded areas have dispersal rates
that are higher (blue, corridors) or lower (orange, barriers) than expected under isolation-by-distance (IBD). We note that
orange area around the Yukon Territory sampling location showed opposite pattern when deme size was lower than 250
(higher than average gene flow rate). For all other areas deme size did not change results.

Figure 6. Effective population size (Ne) estimates as a function of excluding rare alleles (Pcrit) in rusty blackbirds sampled
across their North American distribution. Point estimates of Ne are log transformed with values >5 signifying infinitely
large estimates. Colors correspond to Figure 1.
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3.5. Hindcasted Paleo-Distributions of Breeding Rusty Blackbirds

Suitable climate conditions for breeding rusty blackbirds hindcasted to the LGM by
Stralberg et al. [53] were located primarily in what is now the central and eastern United
States, with some potential suitable habitat in northwestern regions of the United States
and Canada (Figure 7). Projected LGM densities were lower, and distributions were more
limited and fragmented compared to the species’ current distribution and abundance
patterns. Despite substantial variation between them, both CCM1 and GFDL models
hindcasted suitable climates for paleo-populations of rusty blackbirds in or adjacent to
glacial refugia in (1) Alaska and Yukon Territory (Beringia), (2) insular British Columbia
(Vancouver Island and Haida Gwaii), (3) Newfoundland (Grand Banks), and (4) New
England and the Canadian Maritimes (Georges Banks), as well as south of the ice sheets
in (5) British Columbia and Washington and (6) the Great Plains, Upper Midwest, and
Northeast United States (Figure 7).

Figure 7. Predictions of current breeding density (left) versus hindcasted paleo-breeding densities of rusty blackbirds (based
on [53]. Paleo-breeding densities were hindcasted by fitting models of current rusty blackbird density with bioclimatic
indices downscaled by Roberts and Hamann [92] for the last glacial maximum (21,000 YBP) using two global climate models:
Community Climate Model (CCM1, middle) and Geophysical Fluid Dynamics Laboratory (GFDL, right). Model-predicted
density values range from 0 to 1.4 pairs/ha. Overlaid on hindcast projections are level 1 ecoregion boundaries in black [94]
and the extent of Last Glacial Maximum (LGM) ice sheets in transparent gray [95,96].

4. Discussion

The geographic patterns in genomic structure we detected across the rusty blackbird’s
breeding range conformed to our hypotheses. (1) An east–west partition in genomic struc-
ture was observed between rusty blackbirds nesting in the western and central boreal
regions versus the eastern boreal region. This was consistent with the east–west migratory
divide detected for the species using stable isotopes [35] and suggests long-term separation
of populations. (2) As expected, based on insular isolation and plumage differences [37],
birds in Newfoundland were differentiated from birds from other sampled sites. (3) Popu-
lations within both eastern and western regions exhibited subtle genomic structuring and
restricted gene flow, indicating dispersal is limited by discontinuities in habitat, physical
barriers, philopatry, or migratory behavior. Further, Ontario appears to be an area of
secondary contact between birds originating from eastern and western lineages identified
in ADMIXTURE and fineRADstructure analyses. Together, these results indicate that
historical and contemporary processes are shaping the distribution of genomic variation
among populations of rusty blackbirds across their boreal distribution.

4.1. Pleistocene Influences on Patterns of Genomic Diversity

While the species’ current nesting distribution is largely contiguous across the boreal
forest biome, the distribution hindcasted to 21,000 years before present was displaced
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south (other than portions of Beringian Alaska) and was fairly discontinuous and limited
(Figure 7, [53]). During the LGM, the glacial ice sheets covered most of northern North
America, except Alaska and areas along Pacific and Atlantic coasts [97], and may have
sundered the rusty blackbird’s nesting range, isolating populations in separate western
and eastern refugia, and promoting the partition in genomic variation we detected in
multiple analyses of mtDNA and ddRAD (autosomal and Z-linked) loci. In the same way,
glacial vicariance is hypothesized to have led to Pleistocene speciation in several sister
pairs of temperate conifer boreal bird species [47,98,99]. In addition, several passerines
with trans-boreal distributions share this east–west divide in genomic diversity with sec-
ondary contact between divergent lineages occurring in the central boreal: mixing occurs
from Alberta to Manitoba within the yellow warbler (Setophaga petechia, [100,101]), from
Alberta to Ontario within Wilson’s warbler (Cardellina pusilla, [15,102]), from Saskatchewan
to Manitoba within the Canada jay (Perisoreus canadensis, [41,44]), from Alberta to On-
tario within the golden-crowned kinglet (Regulus satrapa, [103]), and from Manitoba to
Ontario within the rusty blackbird (this study). However, the east–west divide within the
blackpoll warbler (Setophaga striata) was attributed to isolation by distance and not glacial
vicariance [46]. These concordant breaks in genomic diversity across multiple trans-boreal
species emphasize the strong influence that the Pleistocene ice sheets played in shaping
how genomic variation is arrayed across northern North America in boreal avifauna.

Models of the paleo-breeding distribution indicated that the nesting habitat for rusty
blackbirds could have been present in four potential glacial refugia: (1) Alaska (Beringia),
(2) Atlantic Shelf, and south of the ice sheets in (3) western (Cordilleran) United States, and
(4) eastern (Laurentide) United States, with the eastern region likely a core area based on the
relatively high densities inferred during the LGM [53]. These four regions coincide with the
locations of glacial refugia proposed for the boreal chickadee [42], the Canada jay [41,44],
and the black spruce (Picea mariana, [104])—the tree species most often selected for nesting
by rusty blackbirds [105]. Rusty blackbirds and other spruce-associated species may have
therefore followed the post-glacial colonization routes inferred for black spruce from
pollen, fossils, genetics, and ecological modeling [41,106,107]. The spatial apportionment of
genomic diversity does suggest that rusty blackbirds occupied at least two refugia during
the LGM, although it is not clear from model hindcasts which regions were the refugia
nor from the genetic data which sample locations represent refugial populations. Recent
colonization of deglaciated areas, whether via long-distance dispersal or leading-edge
expansion from glacial refugia, leaves predictable signatures, notably reduced genomic
diversity associated with founder events followed by founders preventing subsequent
waves of colonizers [108]. Levels of genomic diversity, however, were similar across the
rusty blackbird distribution (Table 1). Dispersal likely continued from refugial populations
into founding populations in deglaciated areas either via short movements or continued
long-distance dispersal. Connectivity between refugial and founding populations would
have maintained genomic diversity because effective population sizes would not have been
markedly reduced [39,109], thereby erasing the genetic legacy of founder events associated
with post-glacial colonization. Further, the eastern clade had high haplotype diversity with
no single dominate haplotype suggesting that Newfoundland, Canada Maritime provinces,
and New England states were colonized by rusty blackbirds originating from the “core”
eastern refugium and possibly the Atlantic Shelf refugium as the effective population
size would need to be large to retain and maintain genetic diversity through the LGM.
Conversely, the mtDNA network for the western clade had a star-like pattern with a
single dominant haplotype predominately represented by Alaska birds. This suggests that
the western breeding range from Alaska to Manitoba was colonized by a small refugial
population of rusty blackbirds expanding their range from a western or Alaska (Beringia)
refugium that supported lower nesting density, and therefore presumably lower effective
population size during the LGM.
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4.2. Isolation in Newfoundland

Rusty blackbirds occupying Newfoundland were genetically divergent from all sam-
pled locations across marker types. The presence of genetic structure is concordant with
the putative subspecies, Euphagus carolinus nigrans, described by Burleigh and Peters [37]
to nest on Newfoundland and Magdelen Islands, winter in South Carolina, and have a
distinctive plumage that is darker, glossier, and bluer than the nominate form. Burleigh and
Peters [37] described an additional 12 endemic subspecies of passerines breeding on New-
foundland that also had darker plumages than their mainland counterparts. Similar to rusty
blackbird, several of these species and others have since been found to have genetically
distinct populations on Newfoundland: the American redstart (Setophaga ruticilla, [45]),
the blackpoll warbler [46], the boreal chickadee [42], the purple finch (Haemorhous pur-
pureus, [110], the Canada jay [44], the gray-cheeked thrush [111], and the black-capped
chickadee (Poecile atricapillus, [112]). Cabot Strait (≥104-km wide) and the Strait of Belle Isle
(≥15-km wide) separating Newfoundland from mainland Canada therefore seemingly act
as strong physical barriers to dispersal by the rusty blackbird and several other passerines.

While Newfoundland rusty blackbirds were genetically differentiated, they were
peripheral on the mtDNA network and shared several mtDNA haplotypes with birds
breeding elsewhere in eastern North America. This coupled with the limited structure
we observed in ADMIXTURE and other analyses of ddRAD loci indicate that divergence
between Newfoundland and other eastern locales likely arose post-Pleistocene and has
been maintained through restricted dispersal. The observation of shallow divergence
is consistent with several other passerines that nest on Newfoundland [44,46,110]. In
contrast, other species show much deeper genetic divisions between birds in nesting areas
along the northern Atlantic coast versus nearby locales [40,42,112]. In these species, it
is more plausible that Newfoundland populations were isolated during the Pleistocene
on the Atlantic Shelf refugium offshore of Newfoundland along the Grand Banks [38,97].
Although hindcasting models indicate that suitable habitat was available in Newfoundland
during the LGM, the Laurentide ice sheet covered most of the region. Therefore, if rusty
blackbirds currently occupying Newfoundland were present in the Atlantic Shelf refugium
(Grand Banks, [38,97]), individuals were likely restricted into small isolated area(s) with
low numbers. As genetic drift is a strong force shaping genomic diversity in small isolated
populations, the lack of deep partitions in genomic variation suggests rusty blackbirds
colonized Newfoundland post-Pleistocene and that genomic and morphological variation
likely evolved recently as shown for the widely distributed and phenotypically diverse
Junco species complex [113].

4.3. Contemporary Influences on Patterns of Genomic Variation

We also found several lines of evidence that contemporary processes are limiting
dispersal of rusty blackbird populations. First, the maintenance of two distinct genetic
groups in western versus eastern North America is indicative of continued restrictions
to dispersal between regional nesting areas. This genetic divide mirrored the general
migratory divide between western and eastern flyways identified with stable isotopes [35].
Thus, differences in migratory pathways or timing of migration may reinforce reproductive
isolation or spatial segregation of regional rusty blackbird populations in the same way as
suggested for other passerines with northern distributions [114–117]. We also identified a
potential area of secondary contact between eastern and western lineages of rusty black-
birds from a single sample location at the northern border between Ontario and Quebec
which had similar levels of recently shared ancestry with both western and eastern regions.
Genetic samples coupled with tracking studies from additional eastern locales would help
determine the geographic extent of the mixing zone and the degree that migratory behavior
may be restricting genomic connectivity [115].

Second, we found evidence of restricted dispersal within eastern and western North
America in the form of subtle structure in ddRAD loci among most sampled locales (e.g.,
Nova Scotia versus other northeastern locales and Alberta/Manitoba versus Alaska) that
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deviated from expectations based on IBD on a regional scale (Figure 5). Furthermore,
three areas (Anchorage, Alberta, and Newfoundland) had similar estimates of effective
population size (Ne) across a range of rare alleles, suggesting genomic diversity in these
populations is not influenced by ongoing gene flow from adjacent populations. While
mountain ranges and ocean bodies are obvious barriers isolating rusty blackbirds in
Anchorage and Newfoundland, respectively, there are no clear physical barriers restricting
dispersal between Alberta and Manitoba within central Canada. Despite the lack of physical
barriers, Alberta individuals were assigned to a non-origin grouping (24%, 5/21) less often
than Anchorage individuals (38%, 9/24) in the fineRADstructure analysis, suggesting that
other factors are impeding dispersal. Indeed, rusty blackbird nest in boreal forest wetlands
that are often distributed in discrete patches separated by unsuitable upland habitat or
fragmented by frequent natural disturbance [104,118]. Although rusty blackbirds as well
as other passerines migrate over long distances, many species return to near their natal
sites to nest where local landscape features influence movements to locate new nesting
areas [119]. Other forest dependent birds have shown a reluctance to disperse across large
gaps of non-forested habitat to locate new nesting grounds [14,51,120,121]. This type of
behavior, if exhibited by rusty blackbirds, may limit dispersal and contribute to genomic
structuring among some rusty blackbird nesting areas.

5. Conclusions

Across the breeding range, rusty blackbirds exhibited genomic structuring evident of
restricted gene flow, which may limit the species’ adaptive capacity to respond to rapid envi-
ronmental change. The North American boreal biome is a mosaic of wetland complexes and
forests that are projected to be transformed as the Earth’s climate continues to warm and
increase the frequency and magnitude of boreal disturbances such as drought, permafrost
thaw, fire, and insect outbreaks [122]. Under various simulations of climate-mediated
ecological change over the 21st century, the boreal biome is projected to contract by up to
42% [123], and boreal birds are projected to both dramatically shift their ranges northwards
and upwards in elevation and suffer disproportionately high losses in population size and
range extent among North America avifauna [22,89,122,124,125]. The rusty blackbird is
particularly vulnerable to projected reductions in suitable breeding habitat, which could
result in the loss of more than half of the species’ breeding range [125] and population num-
bers [89]. These future declines will exacerbate the species’ already steep global population
decline and southern range retraction since the mid-20th century [25,26]—the latter already
linked to regional trends in warming [33]. Additional research on genotype-environment
associations using functionally relevant loci (e.g., transcriptome or gene expression anal-
ysis) can build off of the foundation of this study to identify breeding areas that may be
more vulnerable to stochastic events as well as areas that pose high conservation value for
the species as the climate continues to change (e.g., [101,126]).

The rusty blackbird has an immense migratory range (breeding across the continental
boreal biome, wintering over the eastern half of United States) and the many stressors
suspected to be contributing to its decline are hypothesized to vary widely across breeding
areas and over the annual cycle [26,27,127]. Efforts to understand the causes of decline and
efficiently link conservation across this species’ annual cycle will therefore benefit from
a more comprehensive knowledge of migratory connectivity than the general east–west
migratory divide identified through stable isotope and tracking studies [34–36]. Our study
is a foundational step in gaining this knowledge as it provides a basis for researchers to infer
the natal origins of birds sampled at key migration stopover sites and important wintering
areas (e.g., [15]). Understanding migratory connectivity across the rusty blackbird’s non-
breeding range would, for example, allow researchers to weigh the relative contributions
of summer versus winter environmental change on vital rates and population trends
(e.g., [128,129]) and enable wildlife managers to strategically target habitat restorations
throughout the annual cycle for genetically distinct populations [130]. As the boreal
avifauna is among the most rapidly declining groups of birds in North America [23], the
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integration of information on connectivity with the science and management of recovering
rusty blackbird populations could serve as a model for how to restore other poorly studied
declining boreal species [27].
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Abstract: Rusty blackbirds (Euphagus carolinus), once common across their boreal breeding distribution,
have undergone steep, range-wide population declines. Newfoundland is home to what has been
described as one of just two known subspecies (E. c. nigrans) and hosts some of the highest known
densities of the species across its extensive breeding range. To contribute to a growing body of literature
examining rusty blackbird breeding ecology, we studied habitat occupancy in Western Newfoundland.
We conducted 1960 point counts across a systematic survey grid during the 2016 and 2017 breeding
seasons, and modeled blackbird occupancy using forest resource inventory data. We also assessed
the relationship between the presence of introduced red squirrels (Tamiasciurus hudsonicus), an avian
nest predator, and blackbird occupancy. We evaluated 31 a priori models of blackbird probability of
occurrence. Consistent with existing literature, the best predictors of blackbird occupancy were lakes
and ponds, streams, rivers, and bogs. Red squirrels did not appear to have a strong influence on
blackbird habitat occupancy. We are among the first to model rusty blackbird habitat occupancy
using remotely-sensed landcover data; given the widespread availability of forest resource inventory
data, this approach may be useful in conservation efforts for this and other rare but widespread boreal
species. Given that Newfoundland may be a geographic stronghold for rusty blackbirds, future
research should focus on this distinct population.

Keywords: red squirrel; boreal; wetland; Euphagus carolinus; point count; remotely sensed landscape
data; unmarked

1. Introduction

Though the rate of decline may have eased in the last decade [1], long-term monitoring has
documented range-wide declines in rusty blackbird (Euphagus carolinus) populations that exceed 80%
over the past century, with qualitative evidence for declines dating back to the 19th century [2–4].
Migratory species such as blackbirds can be affected by stressors or threats acting during any or all
phases of the annual cycle [5,6]. The factors driving this dramatic range-wide decline in the formerly
wide-spread and common rusty blackbird are not fully understood, though this species may have
been affected by threats manifested during at least two phases of the annual cycle. Multiple stressors
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on the species’ wintering grounds have likely contributed to declines, including: “Pest” control
measures on agricultural land that target other species of blackbirds but also lead to incidental rusty
blackbird mortality [7]; loss of up to 80% of potential wintering wetland habitat through conversion to
agricultural land use and fragmentation [3]; and exposure to high levels of methyl mercury through
dietary intake (during both wintering and breeding) that could cause physiological or reproductive
impacts [8]. Factors acting on the species’ boreal forest breeding grounds have also likely contributed
to population declines [2], including wetland conversion for agricultural purposes [9,10] and habitat
degradation linked to climate change [11,12]. Regarding the latter, McClure et al. [11] detected a 143
km northward shift in the southern edge of the breeding range of rusty blackbirds between 1966 and
2005, and also found a significant correlation between rusty blackbird population declines detected in
Breeding Bird Survey (BBS) data and Pacific Decadal Oscillations. McClure et al. [11] suggested that
warmer temperatures and drier conditions may reduce the amount of arthropod prey and change prey
phenology, resulting in a temporal disconnect between breeding phenology and prey availability.

Habitat and habitat quality can play key roles in determining both distribution and productivity
of forest songbirds [13,14] and boreal songbirds are known to be influenced by factors that include
natural [15,16] and anthropogenic disturbance [17,18]. Broad-scale breeding season habitat associations
have been described for rusty blackbirds [4] and various factors have been hypothesized as influencing
them on their breeding grounds. These factors include competition with other icterids [19], timber
harvesting [20,21], changes to wetland hydrology and ecology [11], and nest predator dynamics [22].
However, though most jurisdictions across the boreal biome maintain relatively standardized forest
resource inventory landcover databases to support the management of forests and other natural
resources, few studies have quantitatively assessed breeding habitat for rusty blackbirds using forest
inventory data. Given their widespread availability and direct role in natural resource management
planning, forest inventory data may be particularly useful for efficient, cost-effective monitoring,
and for studying a widespread and rare species such as the Rusty Blackbird. This is especially true
in the boreal forest, which is often remote or inaccessible to surveyors. Further, these landcover
inventories may be used to identify key habitat for conservation and management of species across a
wide geographic area, and so may prove useful when applied in the conservation of boreal species
at risk.

The breeding range of rusty blackbirds extends across the boreal forest of Canada and the United
States, and within this biome breeding activity is most often associated with wetland and riparian
ecosystems and adjacent dense conifer stands [4]. During the breeding period, rusty blackbirds forage
primarily on aquatic invertebrates along the shorelines of lakes and streams but occasionally seek
terrestrial prey [22,23]. Powell et al. [24] assessed breeding site occupancy of rusty blackbirds using
ground-based measurement of habitat features (i.e., they did not use remotely sensed data); occupancy
was affected by various factors acting at multiple spatial scales, but was driven primarily by the
availability of wetlands that afforded suitable foraging opportunities (i.e., areas of shallow water)
and evidence of beaver (Castor canadensis) activity. The presence of dense patches of conifers in the
vicinity of those wetlands was also required for nesting, while stand age and harvest history were
less influential [24]. Lack of specificity in the latter matches the largely anecdotal descriptors of nest
substrates reported elsewhere; rusty blackbirds appear to prefer nesting in short (less than 4.5m tall),
dense conifer stands [21,22,25–27], and predominantly use black spruce (Picea mariana) and balsam
fir (Abies balsamea) near wetlands [24]. They have also been reported nesting in willow thickets (Salix
sp.; [23]). Most recently, Wohner et al. [27] assessed rusty blackbird habitat use during various periods
of the breeding season. They found that streams, softwood and mixed wood sapling stands, wetlands,
and areas characterized by slopes between 1% and 8% were important in predicting rusty blackbird
occupancy. Streams were very important in predicting nest sites and adult occupancy, but were
especially important in predicting fledgling occupancy. In contrast, fledglings and adults strongly
selected wetlands, but this habitat was not strongly associated with nest sites. Wohner et al. [27]
proposed that streams may be a more important source of smaller arthropod prey for nestlings,
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whereas wetlands may host larger prey—for example, dragonflies—valuable for adults and large
dependent fledglings.

There has been limited research on the impact of nest predators on rusty blackbirds.
Matsuoka et al. [25] assessed nesting success in rusty blackbirds and found that of failed nests,
89% were lost to depredation, and various studies have shown that predation risk can affect nest site
selection in songbirds (e.g., [28]). In a study of rusty blackbird nest success, Luepold et al. [22] found
that North American red squirrels (Tamiasciurus hudsonicus) were the most frequent predator of rusty
blackbird nests in Maine, USA. Red squirrels are an important predator of nests and fledglings of
boreal songbirds that can affect populations and community structure (e.g., [29–31]). Red squirrels
were introduced to Newfoundland, Canada during the 1960s and spread rapidly; they are now the
most important predator of songbird nests on the island [32–34]. Squirrels have been implicated in the
imperilment of two endemic Newfoundland songbird subspecies and represent a novel threat that may
affect rusty blackbird nesting success, habitat associations, and abundance on Newfoundland [35,36].
During concurrent research at our study site, McDermott et al. [37] determined that during the 2016
summer season that followed a high mast crop (G. Robineau-Charette and D. Whitaker, unpublished
data), red squirrels were detected at 18% of survey points. In contrast, during the 2017 summer season
which followed a low mast crop, detections occurred at only 5% of survey points. During both years
there was a negative relationship between squirrel detections and elevation with no squirrels detected
above 515 m in either year (see [37] for further details). Benkman [38] suggested that red squirrel
populations on Newfoundland were more than double those of mainland North American populations.

Forest management has been shown to affect breeding distribution, behavior and success in many
species of birds (e.g., [39–41]). By contrast, Powell et al. [24] found that recent logging in adjacent
uplands did not feature among the variables retained in the best occupancy models for rusty blackbirds
in Northern New England, USA. However, an assessment of nesting success in regenerating, recently
harvested stands versus older, established stands at the southern edge of the rusty blackbird breeding
range in Maine suggested that recently harvested areas are an ecological trap, with nests in older
stands being 2.3 times more likely to fledge young than nests in stands <20 years post-harvest [20].
Conversely, Buckley [26] found that nesting success in managed forest stands was comparable to that
for other cup-nesting species, while Wohner et al. [27] suggested that regenerating softwood forests
provided dense cover for fledglings to hide from predators. More research is needed to examine the
role of forest harvesting at territory and landscape scales on habitat occupancy by rusty blackbirds,
and to assess the extent to which such findings from southern portions of the breeding range are
applicable in more northerly boreal regions.

As has occurred in continental portions of the rusty blackbird breeding range, the population on
the island of Newfoundland experienced a significant decline between 1970 and 2014, as estimated
from Breeding Bird Survey (BBS) data (−6.33% per year, 95% credible interval −3.58 to −9.35 based
on 23 routes; [1]). Despite this decline, the number of individuals encountered per BBS route on
Newfoundland was substantially higher than for all other regions ([7]; mean of 2.03 birds per route
on Newfoundland based on data from 1980–2005 compared to a survey-wide mean of 0.26 birds per
route for data collected from 1966–2005). As is the case for many bird species found on the island
of Newfoundland [42–44], it has been suggested that the rusty blackbird population breeding on
Newfoundland and possibly some adjacent portions of Atlantic Canada may be a distinct subspecies
(E. c. nigrans) from that found across the remainder of the boreal forest (E. c. carolinus; [45]), and so may
represent a distinct conservation unit for rusty blackbirds. Thus, Newfoundland appears to remain a
stronghold for rusty blackbirds and is an important element for range-wide conservation planning.

We used an occupancy modelling approach based on two years of systematic survey data from a
257 km2 study area in western Newfoundland to assess how rusty blackbird occupancy is influenced
by habitat. We used forest resource inventory landcover data derived from aerial photography to
measure habitat availability, an uncommon approach for rusty blackbirds (but, see Bale et al. [46],
Wohner et al. [27], who used aerial photography-derived habitat data). In addition, we evaluated the
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influence of red squirrel presence on the probability of blackbird occupancy. We predicted that rusty
blackbirds would be associated with wet environments—specifically, waterbodies, watercourses, and
bogs—and coniferous stands. Furthermore, we predicted that rusty blackbird occupancy and red
squirrel presence would be negatively related.

2. Materials and Methods

2.1. Study Site

We collected data in the Main River and upper Humber River watersheds, located on the eastern
slope of the Long Range Mountains of western Newfoundland, Canada (49.75◦ N, 57.25◦ W; Figure 1;
see also [36,37]). The 257 km2 study area spans an elevation range from 75 m to 608 m, with elevation
increasing from southeast to northwest. Landcover is dominated by wet boreal forest [47] containing a
mosaic of mixed and single-species stands dominated by balsam fir or black spruce along with white
birch (Betula papyrifera), tamarack (Larix laricina), and white spruce (P. glauca). Much of the mature forest
consists of a closed canopy with few, large canopy gaps, and trees at higher elevations tend to have
more stunted growth forms [48]. 68% of sites had >25% cover of forest stands older than approximately
30 years of age. In a study in the northern boreal forest of Alaska and Yukon Territory, Viglas et al. [49]
found that 30 year old trees had an approximately 50% chance of producing cones, and that this
probability increased with age. Thus, a large proportion of our survey area may provide valuable
habitat for red squirrels. Qualitative evidence suggests there was a large cone crop in 2015–2016,
with a lighter cone crop during 2016–2017 (G. Robineau-Charette and D. Whitaker, unpublished data).
Approximately 5% of our survey points were located above 550 m, the approximate altitude of the
tree line [48]. Various forms of boreal wetlands and aquatic habitat suitable for rusty blackbirds are
widespread across the study area, including bogs, fens, and the shorelines of rivers and lakes, while
barrens and other natural openings also make up a proportion of landcover. Overall, landcover within
our survey point buffers consisted of an average of 3% lakes, 7% bog, 29% coniferous scrub, and 48%
balsam fir- and/or black spruce-dominated forest. Natural disturbances such as wildfire and outbreaks
of defoliating insects are uncommon at higher elevations due to climatic conditions, leading to the
development of mixed age, old growth fir forests having an abundance of canopy gaps and complex
vertical structure [48,50]. Trees at this site have been aged at over 250 years old [48], and around our
survey points alone, 27% of points contained 50% or more forest greater than 110 years old. Portions of
the study area were harvested by clearcutting between 1990 and 2004 resulting in 19.7% of the study
area being cleared in cutblocks ranging from 0.30 ha to 197.4 ha; natural regeneration of balsam fir
has followed harvest at these sites. The construction of a 60 m-wide electricity transmission corridor
during 2016 and 2017 (Figure 1) created a linear strip of cleared land through the study area. All lands
in the study area are provincial public lands (i.e., “Crown lands”).

2.2. Field Methods

We collected field data from early June through mid-July of 2016 and 2017 to span the period
of peak territorial display and defense for most migratory songbirds in the region, including rusty
blackbirds. Systematic surveys were carried out across a grid of points spaced 500 m apart (Figure 1),
and for the 2017 season we shifted the grid 250 m north and 250 m east so that survey points fell
midway between those sampled the previous year (i.e., a diagonal distance of 354 m from the points
sampled the previous year). The total number of surveyed points was 991 during 2016 and 969 in
2017. Solitary observers conducted point counts; data collection included four surveyors during 2016
and five surveyors in 2017 (one individual was common to both seasons). Each surveyor sampled
5–12 adjacent points per day between 05:40 h and 14:30 h. This timeline deviated from standardized
avian survey protocols such as Breeding Bird Surveys [51] and was devised as part of a survey using
call broadcast originally designed to target gray-cheeked thrush (Catharus minimus) and red squirrels
(see description below, and [37]). However, 85% of our point counts were conducted before 10am,

82



Diversity 2020, 12, 340

and the probability of rusty blackbird detection did not vary substantially between hours within
our survey period, despite a larger standard error after 13:00. Surveyors recorded wind strength
using the Beaufort scale, and stopped field work when high winds (>5 Beaufort scale; 29 km/h) or
precipitation/fog impaired visual or auditory detections of songbirds (similar to BBS protocol; [51]). We
continued to operate in the presence of light drizzle and fog, as these weather conditions are frequent
in this climate, particularly in the morning, and we believe that this approach did not detract from our
capacity to detect individuals during surveys. Precipitation was recorded as either absent, fog, drizzle,
rain, or snow. Surveyors also recorded cloud cover on a scale from 1–5 (0 = no clouds, 1 < 25% cloud
cover, 2 = 26–50%, 3 = 51–75%, 4 = 76–99%, 5 = 100%).

Figure 1. Distribution of survey points in the Main River and upper Humber River watersheds in
western Newfoundland, Canada. Each year, points in the survey grid were spaced 500 m apart, and in
2017 the grid was shifted 250 m north and 250 m east, placing the points midway between those
sampled the previous year. The location of the study area on the island of Newfoundland is shown by
the red box on the inset map.

Surveyors visited each survey point once, conducting an 11-min unlimited radius point count [52]
that was divided into the following sequence of five sub-periods: (1) six minutes silent listening;
(2) two minutes broadcast of gray-cheeked thrush (Catharus minimus) calls and songs (3) a one-minute
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silent period; (4) one minute broadcast of red squirrel vocalizations; and (5) a final one-minute silent
period. These subperiods were designed for an unrelated study that examined the relationship between
gray-cheeked thrush and red squirrels. However, we recorded all bird species seen and/or heard and
each red squirrel detected during each of the time blocks within the 11 min of a point count. As such,
these methods provided suitable data for our study on rusty blackbirds. There is no reason to believe
that the broadcast of gray-cheeked thrush vocalizations would influence Rusty Blackbird behavior or
detectability. However, rusty blackbirds are known to mob potential predators (e.g., [25,53]) so might
be attracted rather than deterred by the squirrel broadcasts. Surveyors used broadcast equipment
(FoxPro model FX3 or Crossfire game callers; FoxPro Incorporated, Lewistown, PA 17044, USA) played
at a consistent volume; when measured 1 m from the speaker, the peak volume of broadcasts was
82.6 dB.

2.3. Data Analysis

Using ArcMap (version 10.5.1; [54]), we extracted landcover data for each survey point from
the provincial forest resource inventory Geographic Information System (GIS) database, which was
created using high resolution (sub 10 cm pixel resolution) 3D aerial photographs taken in 2007.
Landcover was mapped according to the standard forest resource inventory classification scheme
used by the Province of Newfoundland and Labrador, with landcover elements assigned to cover
types (e.g., forest, forest scrub, bog, barren, lakes and ponds, rivers). Forest stands were further
classified according to 20-year age classes and dominant tree species composition. The provincial
forest resource inventory only includes rivers >15 m wide, which are mapped as two-dimensional
landcover features (i.e., polygons). However, smaller streams are likely important habitat features for
rusty blackbirds [24,27], and are classified as linear features (i.e., 1-dimensional vectors) in Natural
Resources Canada’s CanVec geospatial database (available under the Government of Canada’s open
government License [https://open.canada.ca/en]). The national Canvec database is produced using
several data sources and resolution varies from 1:10,000–1:50,000 scale. Consequently, we extracted
two variables for moving water: (1) The extent of rivers > 15 m wide (m2) from the provincial forest
resource inventory, and (2) the linear length of smaller streams (m) from the CanVec database.

We extracted landcover information within a 347 m radius around each point (i.e., a 37.8 ha
circle); this approximates the rusty blackbird home range estimate of 37.5 ± 12.6 ha developed by
Powell et al. [20] based on radiotracking 13 rusty blackbirds (6 males, 7 females) in Maine. We converted
point count detections of rusty blackbirds into presence-absence data for each point and standardized
most habitat features as the proportion of the 37.8 ha buffer circle covered by that habitat type. The only
exception was for streams, which were measured as the total length (m) of streams in the 37.8 ha circle,
and then re-scaled from 0–1 by dividing these values by the maximum observed stream length (2463.7
m). We assessed these raw landscape variables for collinearity using Spearman’s ρ, and did not detect
correlations that warranted further consideration or screening of variables (correlation coefficients
were less than 0.45, which is below thresholds requiring additional consideration [55]). We aggregated
balsam fir and black spruce stands into conifer stands since we believed that they would function
similarly as rusty blackbird habitat [4]. Additionally, we excluded habitat features that were present in
the landscape but that (1) occurred at less than 10% of the total survey points, or (2) were presumed
to be unimportant for rusty blackbirds based on current understanding of the species’ habitat needs.
The latter habitat features included soil barrens, herbaceous soil barrens, rock barrens, sand, fens,
residential land, rights-of-way, cleared land, and forests that were not dominated by either balsam fir
or black spruce. Based on this approach our final analysis included seven landcover variables (Table 1).

We used the package UNMARKED [56] in Program R version 3.5.1 [57], using the function
“occu” to assess relationships between rusty blackbird occurrence and the seven landcover variables
(Table 1) plus year, elevation, and red squirrel presence. This program allowed us to model rusty
blackbird detectability prior to running occupancy models. We explored the potential influence of
six variables (cloud cover, observer, precipitation type, wind strength, time of day, and day of the
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year) on likelihood of detection (Table 2) in order to predict occupancy more effectively [58]. Each of
the five sub-periods of each point count was considered a site visit, for a total of 5 repeated visits
(see [56]). Observer and precipitation type were fit as categorical variables. For both detectability and
occupancy modeling (the latter described below), we considered the model having the lowest AICc as
the best-fit model and based our conclusions primarily on this model. We then fit 31 a priori occupancy
models including the null and global models. We used the best-fit detectability model as the base
(i.e., null) model for all occupancy models. We formulated these models following the approach of
Powell et al. [24] based on information presented in existing rusty blackbird habitat studies [4,24]
along with anecdotal reports. Similar to Powell et al. [24], our models included habitats which reflect
where one could reasonably expect to find rusty blackbirds. Candidate models included various
combinations of landcover variables, including hypothesized interactions between some terms, and
this resulted in models containing biologically relevant combinations of (1) nesting habitat, and (2)
foraging habitat, and (3) models containing nesting and foraging habitat (Table 3). We also included
elevation and red squirrel presence/absence in several of our candidate models. Rather than exploring
the influence of geographic coordinates on rusty blackbird occupancy, we considered elevation to
be a relevant substitute for assessing overall spatial variation in occupancy. We chose this approach
because elevation increases with increased latitude, but east–west dimensions at the study site do not
vary drastically. Models having a ΔAICc less than or equal to two were considered to be competing
models (i.e., not measurably better than one-another), and the subset of top-ranked models having a
cumulative weight of 95% were taken as the best model set [59].

Table 1. Landcover variables used in modeling rusty blackbird occupancy in Newfoundland, Canada,
2016 and 2017. Variables were measured as either the linear amount of the feature (streams [m]) or the
proportion of landcover within a 347 m radius of each survey point (all other variables).

Landcover Variable Description

Lakes and Ponds Fresh water bodies >0.15 ha at high water mark
Streams Combined length (m) of all streams <15 m wide
Rivers Watercourses >15 m wide measured at the high water mark
Bogs Wetlands where sphagnum moss is the dominant cover type
Conifer Forest stands where Black Spruce or Balsam Fir makes up 75% or more of the basal area
Coniferous Scrub Low productivity stands having <10% crown closure and >50% conifer.
Cut90-04 Clearcuts harvested between 1990 and 2004.

Table 2. Candidate models explaining detectability of rusty blackbirds in Newfoundland, Canada,
in 2016 and 2017 (n = 1960 survey points).

Model ΔAICc LL wi K

Observer 0 a −1352.11 0.67 9
Cloud 3.11 −1359.71 0.14 3

Precipitation 4.53 −1357.40 0.07 6
Null 4.76 −1361.53 0.06 3
Wind 6.76 −1361.53 0.02 3
Date 6.83 −1361.56 0.02 3
Time 9.10 −1362.70 0.01 3

Date + Time 11.93 −1363.11 0.00 4
a AICc of best model = 2722.31.
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Table 3. Candidate models describing occupancy (Ψ) of rusty blackbirds in Newfoundland, Canada, in
2016 and 2017 (n = 1960 survey points). Models in the 95% confidence set of best models are highlighted
in bold. All models include a term for the effect of observer on detectability.

Model ΔAICc LL wi K

Ψ Observer~Lakes and Ponds + Bogs + Streams + Rivers 0 a −1288.20 0.60 13
Ψ Observer~Lakes and Ponds + Bogs + Streams + Conifer Scrub 2.49 −1289.44 0.17 13
Ψ Observer~Lakes and Ponds + Bogs + Streams + Conifer 3.09 −1289.74 0.13 13
Ψ Observer~Global 3.74 −1284.98 0.09 18
Ψ Observer~Lakes and Ponds + Bogs + Cut90-04 + Red Squirrel 20.33 −1298.36 0.00 13
Ψ Observer~Lakes and Ponds + Bogs + Cut90-04 21.04 −1299.73 0.00 12
Ψ Observer~Lakes and Ponds + Bogs 22.66 −1301.55 0.00 11
Ψ Observer~Lakes and Ponds + Bogs + Red Squirrel x Elevation 23.02 −1298.70 0.00 14
Ψ Observer~Lakes and Ponds x Bogs 23.69 −1301.05 0.00 12
Ψ Observer~Lakes and Ponds + Bogs + Conifer + Red Squirrel 23.95 −1300.18 0.00 13
Ψ Observer~Lakes and Ponds + Bogs + Conifer 24.62 −1301.52 0.00 12
Ψ Observer~Lakes and Ponds + Bogs + Rivers + Conifer 24.63 −1300.51 0.00 13
Ψ Observer~Lakes and Ponds + Bogs + Red Squirrel + Elevation 24.63 −1300.51 0.00 13
Ψ Observer~Lakes and Ponds + Bogs + Conifer Scrub + Rivers 24.68 −1300.54 0.00 13
Ψ Observer~Lakes and Ponds + Bogs + Conifer Scrub 24.68 −1301.55 0.00 12
Ψ Observer~Lakes and Ponds + Bogs + Conifer + Conifer Scrub 26.63 −1301.51 0.00 13
Ψ Observer~Lakes and Ponds + Conifer 59.06 −1319.75 0.00 11
Ψ Observer~Bogs + Streams + Conifer + Red Squirrel 64.39 −1320.39 0.00 13
Ψ Observer~Bogs + Streams + Conifer Scrub 65.25 −1321.84 0.00 12
Ψ Observer~Bogs + Streams + Conifer 65.72 −1322.07 0.00 12
Ψ Observer~Lakes and Ponds + Conifer Scrub 68.91 −1324.68 0.00 11
Ψ Observer~Streams + Conifer 76.38 −1328.41 0.00 11
Ψ Observer~Bogs + Conifer + Red Squirrel 77.57 −1328 0.00 12
Ψ Observer~Bogs + Rivers + Conifer + Red Squirrel 78.76 −1327.58 0.00 13
Ψ Observer~Bogs + Conifer 79.37 −1329.91 0.00 11
Ψ Observer~Bogs + Rivers + Conifer 80.79 −1329.61 0.00 12
Ψ Observer~Bogs + Conifer Scrub 81.58 −1331.01 0.00 11
Ψ Observer~Bogs + Rivers + Conifer Scrub 83.27 −1330.85 0.00 12
Ψ Observer~Streams + Conifer Scrub 84.00 −1332.23 0.00 11
Ψ Observer~NULL 119.73 −1352.11 0.00 9
Ψ Observer~Year 121.46 −1351.96 0.00 10

a AICc of best model = 2602.58.

3. Results

Observers identified rusty blackbirds at 209 of the 1960 points visited over two years (105 points in
2016, 104 points in 2017), a naïve occupancy rate of 10.7%. At 174 sites we detected only one individual,
whereas at 30 sites we observed 2 individuals, and at 5 sites we observed 3 individuals. The factor that
most strongly affected detectability was observer (Table 2), whereas the model including cloud cover
was marginally better than the null model but performed considerably worse than the model only
including observer (ΔAICc = 3.11, wi = 0.14). The model including precipitation performed similarly
to the null model (ΔAICc = 4.53, wi = 0.07; Table 2). A post-hoc check of an observer + cloud model
revealed that adding cloud cover improved model fit only slightly (AICc = 2721.15). Models including
wind, time of day, and ordinal day were all worse than the null model, and a post-hoc assessment of
the model containing time of day and observer did not prove to be important in detection probability.
Based on these findings, we included observer in the base model for all subsequent occupancy models.

Four models were included in our 95% confidence set of best occupancy models, and of these
the model that best predicted rusty blackbird occupancy contained lakes and ponds (β = 7.21 ± 0.94),
bogs (β = 3.53 ± 0.73), streams (β = 2.06 ± 0.41), and rivers (β = 6.94 ± 3.57) (Table 3). This model
included strong positive relationships for lakes and ponds, bogs, and streams, and a weaker positive
relationship for rivers (Figure 2a–d). Based on this model, the mean predicted occupancy of rusty
blackbirds across our study area was 12.2% (95% confidence interval = 9.4–15.7%; Figure 3). The
next two models in the best model set were similar to the best model, but with rivers being replaced
by either conifer scrub (β = −0.38 ± 0.44), or conifer forest (β = 0.14 ± 0.36); no strong directional
relationship was observed between the probability of rusty blackbird occurrence and conifer scrub
cover or conifer forest (Table 3; Figure 2e–f). The final model in our best model set was the global
model. Red squirrels were more abundant in the summer of 2016 compared with the summer of 2017
(i.e., they were more abundant following a high cone production year), with 84% of squirrels detected
in 2016 [37]. While red squirrel presence did not appear in our 95% confidence set of best occupancy
models, adding red squirrel to the best-fit model improved it slightly (AICc = 2601.99; (β = −0.49
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± 0.33). Additionally, a red squirrel by year interaction term was added to the best model post hoc;
inclusion of this interaction term among the best models was not supported (AICc = 2605.17). We
followed the same process with an interaction term that included red squirrel and elevation, and found
that this interaction term also did not improve our best model (AICc = 2604.16). We found no evidence
that squirrels meaningfully influenced rusty blackbird distribution or occupancy (Table 3; Figure 2 g).

Figure 2. Relationship between rusty blackbird probability of occurrence and landcover variables
found in our highest-ranked occupancy models (A–F), as well as with red squirrel occurrence (G),
in Newfoundland, Canada, in 2016 and 2017 (n = 1960). Landcover variables were (A) proportion of
lakes and ponds (B) proportion of bogs (C) length of stream (D) proportion of rivers, (E) proportion
of conifer scrub, (F) proportion of conifer forest, and (G) red squirrel probability of occurrence. Each
variable was plotted using the best model that included that factor (Table 3). Error bars show one
standard error. Note that while the vertical axis is the same for all plots, the scale and units of the
horizontal axis varies.
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Figure 3. Probability of rusty blackbird occupancy mapped across our study area in Newfoundland,
Canada, in 2016 and 2017. Probability of occupancy was estimated from our best model (Table 3) based
on landcover data available in the provincial forest resource inventory and publicly available national
CanVec stream data.

4. Discussion

Of our 31 a priori models, we found that the amount of lakes and ponds, streams, bogs, and rivers
best predicted rusty blackbird occurrence. Aquatic invertebrates are an important food source for
rusty blackbirds [22,23], and blackbird foraging activities often focus on the edges of waterbodies

88



Diversity 2020, 12, 340

with abundant shallow water [2]. Thus, the importance of these aquatic habitats in our model
is not surprising and is consistent with findings from previous studies of rusty blackbird habitat
occupancy [22–24]. However, the absence of conifer forest from our best model and the apparent
overall weak influence of either conifer forest or conifer scrub cover on rusty blackbird occupancy
initially appears counterintuitive. Powell et al. [24] suggested that blackbird habitat occupancy
in Maine, where the forest has a greater component of deciduous cover, is heavily influenced by
the presence of patches of suitable conifer habitat in which to nest. In contrast, our study area on
Newfoundland is dominated by dense, often single species, conifer stands and consequently rusty
blackbirds may not need to actively select for such a ubiquitous feature on the landscape. In particular,
wet soils in riparian zones and wetlands on Newfoundland often support dense stands of conifer
scrub. To retain landcover features where rusty blackbirds were most likely to occur, we only included
forest types that were dominated by either black spruce or balsam fir. Since primarily deciduous
stands dominated less than 5% of points, most forested points included conifer cover. Thus, within
the spatial scale at which we examined occupancy, rusty blackbirds in Newfoundland appear to
select sites primarily based on the availability of appropriate foraging habitat. Additional research
such as radio-telemetry studies or nest searching may allow us to better describe the nesting habitat
needs of rusty blackbirds in Newfoundland, as well as their space use and breeding ecology. We did
not find a strong influence of red squirrel occurrence or year on rusty blackbird occupancy. This is
unexpected, given the notable difference in red squirrel detections between years [37]. Red squirrels
are known to reproduce later in the season following low cone crop years so that they can take better
advantage of seasonal food resources [60], and this influences juvenile survivorship when compared
with individuals born earlier in the year [61]. Luepold et al. [22] found that during a year when
red squirrel occurrence was higher following a large mast crop, red squirrels were more frequently
observed to prey on rusty blackbird nests. It is possible that red squirrels are preying upon rusty
blackbird nests, but that despite this, the blackbirds continue to return to habitat where red squirrels
are present due to other attractive factors. Red squirrels are prominent members of most boreal forest
ecosystems and can directly affect other species through an omnivorous diet and generalist predatory
behavior [62,63]. De Santo and Willson [64] found that nest predation was lowest in open wetlands
and within forests, compared with both forest and wetland edges and clearcuts. Our observation
that red squirrel presence was not strongly related to rusty blackbird occupancy—despite marginally
improving our best model in a post-hoc test—may suggest a deviation from the typical vulnerability to
nest predation commonly experienced by forest songbirds [63,65,66]. Related research at our study
site indicates that squirrels are much more abundant at lower elevations [37] and in these areas they
may have caused the local extirpation of breeding populations of another species, the gray-cheeked
thrush (McDermott, unpublished data; see also [36,44]). Unlike gray-cheeked thrushes, we found that
elevation appeared to have little or no effect on rusty blackbird occupancy. It may be that the impact
of squirrels is not as strong for rusty blackbirds as for gray-cheeked thrushes because of a greater
capacity to deter predators; for example, rusty blackbirds have been observed mobbing presumed
threats (e.g., field crews) near nest sites [53], a trait which is known to drive nest predators away [67].
Alternatively, there may be aspects of their nest site selection that enable them to avoid strong impacts
of squirrel predation. Aquatic habitat may also impede squirrel movements during summer and
consequently compel squirrels and blackbirds to select different habitats.

McDermott et al. [37] found that squirrel occurrence was inversely related to surface water and
ambiguously related to “open” habitats (an amalgamation of bogs, barrens, and other natural openings),
which could offer some protection to rusty blackbird nests near those habitat types. Specifically, these
open, wet habitats could act as barriers to red squirrel movement. However, the weak relationship
between rusty blackbirds and red squirrels could also have resulted from an ecological trap (see
Powell et al. [21]), as Luepold et al. [22] found red squirrels to be the most important predator of
rusty blackbird nests in New England. More research into rusty blackbird nest success and predator
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dynamics on Newfoundland may help to clarify the impact of the introduction of red squirrels on this
and other boreal bird species.

Consistent with the findings of Powell et al. [24], clearcuts did not appear in our best model
set, indicating that this habitat type had little influence on blackbird occupancy. Provincial forestry
regulations require that an unharvested buffer strip at least 20-m wide be left along the shorelines of
water bodies, and Whitaker and Montevecchi [68] found that, in western Newfoundland, abundance
of rusty blackbirds did not differ between these buffer strips and unharvested shorelines. Thus,
it may be that current forestry regulations are sufficient to safeguard blackbird habitat needs on
Newfoundland. However, because it has been suggested that harvested forests can act as ecological
traps for Rusty Blackbirds [21], more research into nesting success of blackbirds at this site could
provide a more nuanced perspective into effects of forest management. In addition, the influence of
forest management history and temporal patterns at this site is as yet unexplored. This study area
provides a unique opportunity to study rusty blackbirds with an abundance of old growth forest.
Given that Newfoundland remains a stronghold for rusty blackbirds, it may be worth investigating
in more detail the relationship between forest characteristics (i.e., age, structure, diversity) and rusty
blackbird abundance.

Our best detectability model included observer as an explanatory variable. Contrary to
Powell et al. [24], wind, precipitation, cloud cover, time of day, and ordinal day did not strongly affect
detectability, which may reflect differences in the sampling protocol. Variability in detection probability
by the observer may reflect false negatives (species was present but was not detected) or false positives
(an observer incorrectly identified a species as present; [69–71]). However, false positives are unlikely
because similar-looking species (e.g., other blackbirds) are not present on Newfoundland. Intuitively,
the frequency of these errors is lower if observers have higher skill levels [70]; all of our observers
were skilled in the identification of local species prior to data collection. Given the naïve and predicted
blackbird occupancy rates of only 10.7% and 12.2%, respectively, across the study area, differences in
detectability between observers may at least in part reflect the potential for some observers to have been
assigned survey areas where they were less likely to encounter rusty blackbirds (e.g., due to physical
ability or back-country navigation skills). Broadcasting rusty blackbird calls would likely increase
detections among all observers because of behavioural responses to conspecific bird calls [24]. In
addition, ensuring that all surveyors are of a similar skill level in fitness and backcountry orienteering
would improve the consistency of detection rates between observers, since it would ensure that
observers cover a similar number of points across a challenging landscape.

The spatial scale at which habitat use is assessed inevitably affects the apparent habitat requirements
of a given species [72]; thus, more research on the spatial ecology of rusty blackbirds may lead to
improved inferences. Our habitat analysis buffer size reflected the best available home range estimate
for rusty blackbirds, although values ranged from 3.8 ha to 172.8 ha [20]. Powell et al. [20] noted that
the home range size of colonial rusty blackbirds was significantly larger than that of non-colonial pairs.
This likely reflects the potential for birds nesting in loose colonies to share information on the location
of short-lived sources of emergent insects, whereas pairs on their own may have more limited sources
of food [20]. Therefore, home range size, and a bird’s ability to take advantage of available resources
may vary drastically based on behavioral factors between individuals. Because we only detected more
than two individuals at five out of 209 occupied sites (2.4%) over the two years, it is likely that, as
is typical for much of their breeding range, solitary nesting is prevalent at our study area. Concrete
evidence of pair versus colonial status is another area where radio-telemetry studies may improve our
understanding of rusty blackbird breeding ecology.

Our study is among the first of its kind to model rusty blackbird occupancy using information
on habitat from a typical Forest Resource Inventory database that was developed based on high
resolution aerial photography, as well as from other publicly available landcover data (e.g., our stream
data; but, see Wohner et al. [27]). The fact that we did not undertake field habitat surveys allowed
us to efficiently complete a systematic survey of over 1900 point counts across a large area having
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limited road access. Remote sensing resources such as aerial imagery are considered valuable tools
in predicting species distributions and developing population estimates [73,74]. Further, this is the
same spatial database that the province uses to plan and monitor industrial forestry and other forms
of natural resource management. Consequently, it would be straightforward to use the findings of
studies such as this, which are based on information contained in those spatial databases, to predict
and map the distribution of rusty blackbirds across the landscape (e.g., Figure 3). This offers the
opportunity to easily incorporate consideration of blackbird habitat into conservation, management,
and research planning. For example, while the mean predicted occupancy across our study area was
12.2%, the 5% of points having the highest estimates had a mean predicted occupancy of 46.8% (range
32.9%–86.9%); this type of information could be of value in planning research or rapidly identifying
high-value habitat during land use planning. Similar forest resource databases are available for many
jurisdictions across the North American boreal forest, especially those subject to large scale extractive
resource use, so this approach may be applied across much of the species’ breeding range to map and
protect potential blackbird habitat. Based on our findings, and the findings from other studies on
Rusty Blackbird occupancy and habitat use (e.g., [21,22,24,26,27]), key Rusty Blackbird habitat with a
high probability of occupancy—such as concentrations of wetlands, waterbodies and watercourses,
with nearby dense conifer forest—may be identified from remotely sensed data. Once these areas are
identified, prioritization of survey areas and conservation planning may proceed.

5. Conclusions

This is the first quantitative study of rusty blackbirds on the island of Newfoundland, and among
the first published studies to use remotely-sensed data to predict their breeding habitat. Given that
they may be genetically distinct, this population is important to the overall conservation and recovery
of the species. Further, the decline of rusty blackbirds on Newfoundland has been more gradual than
in most other areas of the species’ breeding range, and they continue to be detected in higher numbers
on Newfoundland than elsewhere in their breeding range [7]. Indeed, our naïve occupancy rate was
41.7% higher than that of Powell et al. [24] for a population in northern New England, while our
predicted occupancy in the upper 5% of most preferred sites averaged more than four times the overall
naïve occupancy rate.

Consistent with past research, our study indicates a strong association for breeding rusty
blackbirds with aquatic habitats in the boreal forest, including lakes, ponds, streams, rivers, and
bogs; these findings echo the results of Bale et al. [46], and the conservation value of these wetland
environments, particularly in the face of climate change. Due to the island’s cool, wet maritime climate,
boreal landscapes across much of Newfoundland consist of a complex mosaic of bogs and surface
water intertwined with coniferous scrub and forests. This appears to offer relatively plentiful habitat
for rusty blackbirds, and presents an opportunity to study this declining species in a region where
relatively high numbers persist.
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Abstract: The Rusty Blackbird (Euphagus carolinus) is an imperiled migratory songbird that breeds in
and near the boreal wetlands of North America. Our objective was to investigate factors associated
with Rusty Blackbird wetland use, including aquatic invertebrate prey and landscape features, to bet-
ter understand the birds’ habitat use. Using single-season occupancy modeling, we assessed breeding
Rusty Blackbird use of both active and inactive beaver-influenced wetlands in New Hampshire and
Maine, USA. We conducted timed, unlimited-radius point counts of Rusty Blackbirds at 60 sites
from May to July 2014. Following each point count, we sampled aquatic invertebrates and surveyed
habitat characteristics including percent mud cover, puddle presence/absence, and current beaver
activity. We calculated wetland size using aerial imagery and calculated percent conifer cover within
a 500 m buffer of each site using the National Land Cover Database 2011. Percent mud cover and
invertebrate abundance best predicted Rusty Blackbird use of wetlands. Rusty Blackbirds were more
likely to be found in sites with lower percent mud cover and higher aquatic invertebrate abundance.
Sites with Rusty Blackbird detections had significantly higher abundances of known or likely prey
items in the orders Amphipoda, Coleoptera, Diptera, Odonata, and Trichoptera. The probability of
Rusty Blackbird detection was 0.589 ± 0.06 SE. This study provides new information that will inform
habitat conservation for this imperiled species in a beaver-influenced landscape.

Keywords: Rusty Blackbird; Euphagus carolinus; boreal wetlands; aquatic macroinvertebrates; forag-
ing ecology; occupancy modeling

1. Introduction

The Rusty Blackbird (Euphagus carolinus) is a migratory songbird that breeds in and
near wetlands of the boreal forests of Canada and Alaska as well as in the northern regions
of New York and the Acadian Forest (New England and the Canadian Maritime Provinces).
The Rusty Blackbird is representative of global boreal avian species declines and has
experienced the worst population loss of thirteen boreal-breeding species [1,2]. Although
the Rusty Blackbird was once common, the species has declined by an estimated 90% since
the 1960s [3]. The species was estimated to have declined by 5.1% per year from over
13 million birds in 1965–1966 to roughly 2 million birds in 2002–03 based on modeling from
standardized winter counts [1]. Furthermore, the southeastern limits of the bird’s breeding
range appear to have retreated northward coincident with the population decline [4]. The
US Fish and Wildlife Service has listed the Rusty Blackbird as a Focal Species of Birds of
Management Concern [5]; the IUCN Red List considers the species to be Vulnerable [6]. The
cause of the Rusty Blackbird’s decline is not fully understood; climate change [4], mercury
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contamination [7], hematozoa infections [8], timber harvesting on breeding grounds [9],
and winter habitat loss [10] have been suggested as possible factors.

As with all species, suitable foraging and nesting habitat are key components for
Rusty Blackbird persistence. In New England, Rusty Blackbirds select nest sites with
minimal canopy cover, high basal area of young conifers (<1.5 m height) [9,11], and
patches of forest adjacent to open areas, including wetlands [11]. They build cup nests
in live trees, usually red spruce (Picea rubens), black spruce (Picea mariana), or balsam
fir (Abies balsamea), surrounded by other young conifers, and occasionally in speckled
alder (Alnus incana) swamps, in snags, or in isolated conifers in open areas [11]. Rusty
Blackbird habitat can be created or improved by forest management or natural disturbance,
especially by the American beaver (Castor canadensis). The beaver, an ecosystem engineer,
creates impoundments of water by damming streams [12], forming wetlands utilized by
a diversity of wildlife species. Because deciduous trees and shrubs are a preferred food
of the beaver [13], they selectively harvest several woody species in proximity to their
impoundments, thereby increasing the percent cover of conifers [14], which is desirable for
Rusty Blackbird nesting. Beavers have a long-lasting impact on the landscape; by digging
channels and creating dams, beavers increase both the depth and area of wetlands [15].
Individual beaver ponds may be active for one to many years at a time as the animals
move to find new sources of food, resulting in a matrix of different-aged ponds, meadows,
and streams in a wetland complex [16]. Beavers increase the diversity of and shift the
macroinvertebrate assemblage [17,18] as well as increase macroinvertebrate abundance [18]
within impounded wetlands and streams. Thus, beavers may create an ideal habitat for
Rusty Blackbirds, with flooded, macroinvertebrate-rich wetlands for foraging and clumps
of nearby conifers for nesting.

It is critical to monitor Rusty Blackbird populations and habitat use in order to make
and evaluate the result of management decisions. Previous research within the Rusty
Blackbird’s breeding range has focused on demography, nesting ecology, and possible
causes of decline. Information about the species’ diet and foraging site preferences are scant.
Rusty Blackbirds are more insectivorous than other Icterids, based on their skull and bill
anatomy [19] and analysis of stomach contents [19–22]. They forage aerially, from perches,
and while walking along the water’s edge. A breeding Rusty Blackbird diet consists mostly
of aquatic macroinvertebrates, such as beetle adults and larvae [22,23], Odonate (dragonfly
and damselfly) larvae [24], Trichoptera (caddisfly) larvae and emergent adults [25], and Tip-
ulid (crane fly) larvae [25], but they also hunt aerial prey such as mosquitoes [26]. Breeding
Rusty Blackbirds also forage for a variety of terrestrial and volant invertebrates, including
snails [27], grasshoppers [20], caterpillars [20], spiders [20,27,28], adult dragonflies [25,29],
adult mayflies [29], ants, centipedes, and crustaceans [22]. Furthermore, although Rusty
Blackbirds are mostly insectivorous during the breeding season [30], the species has been
known to eat some vertebrates such as small fish [27,28] and salamanders [27]. In addition
to consumption of various prey items during the breeding season, Rusty Blackbirds exhibit
diet plasticity by switching to a more generalized diet of seeds, fruit, acorns, grains, and
insects during autumn and winter [22,23]. Overall, summer feeding observations and
stomach specimens are very limited in number, and little is known about their foraging
habitat requirements. Understanding wetland prey availability during the breeding season
in key patches will enable scientists and land managers to identify high-quality foraging
sites and may eventually suggest mechanisms behind the Rusty Blackbird decline and
potential for recovery.

Rusty Blackbirds are rare and difficult to detect, especially within their remote and
hard-to-access breeding grounds; thus, traditional, short duration (five or ten minutes)
avian point-counts are not sufficient for accurately detecting breeding Rusty Blackbirds [3].
We used a single-season site occupancy modeling approach [31] to account for imperfect
detection and model Rusty Blackbird use of 60 wetland sites as a function of habitat
covariates, with a focus on foraging habitat and food availability. We chose multiple a
priori habitat covariates that we expected to be biologically important for Rusty Blackbirds
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based on previous studies and our own experience. We hypothesized that the probability
of Rusty Blackbird wetland use: (1) increases with current beaver activity, (2) increases with
the presence of puddles, and (3) increases with increasing conifer cover. We hypothesized
that the probability of detecting a present Rusty Blackbird (1) is not affected by the time of
day during daylight hours, (2) decreases with increasing wind speed, (3) is highest during
the chick-rearing period, and (4) decreases with increasing wetland size. This study is the
first to assess Rusty Blackbird foraging habitat use in New England and the first to include
prey availability as a covariate in Rusty Blackbird occupancy modeling.

2. Materials and Methods

2.1. Study Area

We surveyed breeding Rusty Blackbird use of both active and inactive beaver- influ-
enced wetlands in Coos County, New Hampshire, and Oxford County, Maine (Figure 1).
Sites were located either on federal land at Umbagog National Wildlife Refuge (44.832344,
−71.075496) or were privately owned and managed by Wagner Forest Management, Ltd.
The study area has a mean precipitation of 102.9 cm per year, a mean annual high tem-
perature of 11.67 ◦C, and a mean low temperature of −2.22 ◦C (measured in Colebrook,
NH) [32]. The mean elevation of surveyed wetlands was 473.3 m (range = 110 m to 780 m).
Beavers have been modifying wetland hydrology and upland vegetation in the region for
decades; survey sites were categorized as either active (impounded/modified in the past
year and hosting a resident beaver colony) or inactive (previously impounded, but not
currently occupied by beavers) wetlands. The forests in this remote area of New England
are extensively managed, with active logging operations occurring near most of our study
sites.

Figure 1. Land cover classes of the study area and digitized polygons of wetlands where Rusty
Blackbirds were detected (black triangles) or were not detected (black circles) in northern New
England, USA, with 500 m buffer circles showing habitat in 2014.
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2.2. Methods

To evaluate Rusty Blackbirds’ use of wetlands, we conducted timed, 30 min long,
unlimited-radius point counts at 60 sites in 2014 within a 25 km radius of the town center
of Errol, NH. We selected count locations from a pool of 263 discrete (e.g., above a dam)
beaver-influenced impoundments within 500 m of a road, which we identified using
satellite imagery and expert knowledge of the study area. We used ArcMap to randomly
select 39 wetland sites and then systemically selected 21 additional, nearby wetlands to
maximize our sample size. Bird surveys were conducted from a fixed, marked point
located at the southern edge of each wetland. Some sites were located relatively close
together (100–300 m apart), so to avoid double counting, pairs of observers concurrently
surveyed adjacent sites, cross-checked the timing of field observations field post-survey,
and excluded possible double counts of birds. Due to time and logistical constraints, we
surveyed sites in pairs based on their spatial proximity; thus, sites were not randomly
visited.

We surveyed each point three times, once during each of three two-week intervals
(14 May to 27 May, 28 May to 10 June, and 11 June to 24 June 2014). Due to site access
restrictions, two of the 60 sites were only surveyed twice. We timed the survey intervals to
align with Rusty Blackbird incubation, nestling rearing, and fledging stages of the breeding
season because we suspected that detectability would vary based on the birds’ nesting
behavior.

We conducted surveys between 8:00 and 18:00. We chose not to limit our surveys to
early morning hours in order to maximize our sample size and because Rusty Blackbirds are
known to sing throughout the day [33]. Through pilot surveys, we found that a point count
duration of 30 min was the most effective yet efficient count duration for detecting Rusty
Blackbirds in our study area [33]. During each point count, two independent observers
recorded visual and/or auditory detections of Rusty Blackbirds and time to first detection
(if detected) without the use of any recorded playback. We also recorded wind speed,
temperature, precipitation, and time of day (Table 1).

Table 1. Site and field survey covariates used to model detectability and site occupancy of Rusty Blackbirds in northern
New England in 2014; the data collection method was by remote sensing (GIS) or at the site (Field).

Covariate Description Method

Beaver Binary measure of observed beaver activity Field
Day Ordinal survey date Field
Elevation Site elevation in meters GIS
Water.depth Average depth (centimeters) of open water near pond edge Field
Invert.abundance Average number of invertebrate individuals observed in three samples Field
Invert.richness Total number of invertebrate families observed in three samples Field
Min Survey start time converted to minute of day Field
Mud Visual estimate of percent exposed mud within a wetland Field
Open.water Visual estimate of percent open water within a wetland Field
Pct.conifer Percent conifer cover within a 500-m buffer of wetland using NLCD 2011 GIS
Puddles Binary measure of puddles observed 0, 1, 2, or 3 times out of three surveys Field
Precip Binary measure of presence of precipitation during survey Field
Size Wetland size measured in meters squared GIS
Temp Measure of temperature (Celsius) at the start of the survey Field
Visit Survey period 1, 2, or 3 Field
Wind Wind speed (km per hour) measured using an anemometer held at 4.5 m height at the start of the survey Field
Yng.conifer Binary measure of presence of dense regenerating spruce and/or fir trees < 1.5 m tall Field

We collected field data on both vegetation and land cover variables, including percent
spruce and balsam fir cover around the wetland, percent cover of open water, percent
cover of mud, depth of open water, as well as evidence of recent beaver activity (Table 1).
We used the perimeter-based cover estimate method [34] to measure the percent exposed
mud and percent open water within the wetland during each survey occasion and then
averaged the habitat data across the three occasions.
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We collected aquatic invertebrate samples at the point count site (southern edge of
each wetland’s standing pool of water) with ten sweeps of a D-frame dip net, probing along
the water’s edge. Macroinvertebrate samples were stored in 70% ethanol and identified to
family when possible, otherwise to order or subclass [35]. We used the macroinvertebrate
count as a proxy for abundance of Rusty Blackbird prey within a wetland. We averaged
the counts for each of the sites’ three invertebrate samples and included this abundance as
a site covariate in our wetland use models. We also included the total invertebrate family
richness for all of each site’s samples. For taxa that we were only able to be identified
to subclass or order, such as leeches, we assumed that one family was observed for each
subclass or order.

We used ArcMap to calculate wetland size and quantify land cover type as habitat
characteristics that might drive Rusty Blackbird foraging site selection. Because Rusty
Blackbirds forage within multiple wetland types, we chose not to use a wetland classifica-
tion system and instead delineated all wetland features within a site as a single polygon,
using Google Earth satellite imagery (dated 18 September 2013) and field experience as a
guide. We then calculated the area of each wetland polygon and used the National Land
Cover Database 2011 (NLCD) [36] to calculate the percent conifer cover within a 500 m
radius of each wetland, which is the approximate size of a typical Rusty Blackbird breeding
home range [11]. We recorded the elevation of each wetland survey point in the field using
a GPS unit.

2.3. Analysis

We used the protocol developed by MacKenzie et al. [31] to model Rusty Blackbird use
of wetlands using single-species occupancy modeling based on our detection histories and
field and geospatial data (Table 1). Occupancy probability (Ψ) and detection probability (p)
were modeled as linear functions of covariates using the logit link to constrain predicted
values between 0 and 1. These models assume a closed population between surveys, and
where that assumption is violated, Ψ is interpreted as habitat use rather than occupancy.
Because Rusty Blackbirds may forage among multiple wetlands within a large area, defin-
ing a site as a single wetland, as we did, may violate the assumption of independence of
observations. Furthermore, concurrent Rusty Blackbird productivity research revealed that
Rusty Blackbirds nested near many of our study sites. However, breeding Rusty Blackbirds
in New England have been found to nest up to 400 m away from wetlands, and fledglings
can move over 1 km away from their nests within a few weeks of fledging [37], so we were
not able to assume that site occupancy was constant throughout the study period. Thus,
we considered sites with at least one positive Rusty Blackbird detection to be “used” rather
than “occupied” [38].

We performed this analysis using Package unmarked [39] in Program R [40]. Our
candidate set of models included biologically plausible variables known or thought to affect
Rusty Blackbird habitat suitability. We first modeled survey-specific covariates affecting
p (date, precipitation, temperature, time, visit, wetland size, and wind) while modeling
Ψ as constant. Then, we chose the model with the lowest Akaike Information Criterion
(AIC) score as the best-fit detectability model and used its survey covariate(s) in our base
Ψ model, following the approach of Powell et al., 2014 [41]. Next, we created a candidate
set of models with one or more site covariates (beaver, invertebrate abundance, inverte-
brate richness, open water, mud, puddles, water depth, percent conifer, young conifer,
elevation, and wetland size). We avoided including significantly correlated (p < 0.05)
covariates (calculated using Spearman Rho and Pearson Chi-Square tests for continuous
and categorical covariates, respectively) within the same wetland use models. We used
Package AICcmodavg [42] to estimate c-hat, the overdispersion parameter, to adjust for
overdispersion as needed, and to assess model fit. We used the MacKenzie and Bailey
Goodness-of-fit Test [43] to test the fit of our global wetland use model, which contained
all covariates included in our candidate set of models, with 1000 bootstraps.
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To assess whether Rusty Blackbirds select foraging sites based on the abundance of
specific aquatic invertebrate prey types, we used the two-sample Poisson rate test to test
for a difference between the maximum invertebrate abundance per order at sites with and
without Rusty Blackbird detections. We included underrepresented invertebrate groups in
abundance totals in order to reflect total prey availability at each site.

3. Results

We detected Rusty Blackbirds during 66 of 178 surveys. Our base detectability model
(without covariates) yielded a detection probability (p) of 0.589 ± 0.06 SE (95% CI: −0.10,
0.82). Detection probability was best predicted by visit (survey period), which was the only
covariate in the top model (Table 2). The probability of detection was highest in visit 2 and
lowest in visit 1. Back-transformed parameter estimates on the probability scale for visit
yielded p = 0.416 ± 0.09 SE for visit 1, p = 0.765 ± 0.08 SE for visit 2, and p = 0.742 ± 0.09
SE for visit 3.

Table 2. Model selection for detectability of Rusty Blackbirds in northern New England in 2014.

Model K a AIC b ΔAIC c wi d −2 Log-Likelihood

p(visit) Ψ(.) 4 214.38 0.00 0.513 206.4
p(size) Ψ(.) 3 218.18 3.80 0.077 212.2

p(precip) Ψ(.) 3 219.19 4.81 0.046 213.2
p(temp) Ψ(.) 3 219.26 4.88 0.045 213.2
p(time) Ψ(.) 3 219.34 4.96 0.043 213.3
p(day) Ψ(.) 3 219.39 5.01 0.042 213.4

p(wind) Ψ(.) 3 219.50 5.12 0.040 213.5
p(day+precip) Ψ(.) 4 220.87 6.49 0.020 212.9
p(time+precip) Ψ(.) 4 220.96 6.58 0.019 213.0

p(day+time) Ψ(.) 4 220.99 6.61 0.019 213.0
p(temp+wind) Ψ(.) 4 221.05 6.67 0.018 213.1
p(time+temp) Ψ(.) 4 221.07 6.69 0.018 213.1
p(day+temp) Ψ(.) 4 221.08 6.70 0.018 213.1
p(time+wind) Ψ(.) 4 221.19 6.81 0.017 213.2
p(day+wind) Ψ(.) 4 221.25 6.87 0.016 213.3

p(time2) Ψ(.) 4 221.32 6.94 0.016 213.3
p(day2) Ψ(.) 4 221.36 6.98 0.015 213.4

p(temp*wind) Ψ(.) 5 222.43 8.05 0.009 212.4
p(time+precip+wind) Ψ(.) 5 222.90 8.52 0.007 212.9

a Number of parameters; b Akaike’s Information Criterion; c Difference in the model’s AIC from that of the top
model; d Akaike weight. (.) Indicates that the parameter Ψ was held constant.

We detected Rusty Blackbirds at 35 out of 60 sites. Based on the null occupancy
model without site covariates, Rusty Blackbirds used 0.629 ± 0.07 SE of the study sites.
With α = 0.05 and a c-hat value of less than 3, we concluded that our global wetland
model had an acceptable fit [44]. However, because a c-hat value greater than 1 suggests
overdispersion, we adjusted standard error estimates for each wetland use model by a
factor of c-hat [44] and ranked models based on Quasi Akaike’s Information Criterion
(QAIC) scores.

The top model (number of parameters k = 7, −2 log-likelihood = 188.231, QAIC =
123.4366), included the survey covariate “visit” in the detection probability linear predictor
and the site covariates “invertebrate abundance” and “mud” in the occupancy linear
predictor (Table 3). Rusty Blackbirds preferred sites with higher aquatic invertebrate
abundance (Figure 2a) and lower percent mud cover (Figure 2b). This model accounted for
over 60% of the adjusted model weight. Because the second model was not within four
delta QAIC units of the top model, we did not model average parameter estimates across
all of the models included in the candidate set of wetland use models [45].

102



Diversity 2021, 13, 99

(a) 

 
(b) 

Figure 2. Relationship between probability of Rusty Blackbird occupancy and site covariates, percent
cover of aquatic invertebrate abundance (a) and mud (b), with 95% confidence bands.

Aquatic invertebrate richness (across all taxa) was not a predictor of Rusty Blackbird
wetland use. However, it is worth noting the extent to which each taxon varied in abun-
dance across our study sites as well as the difference (or lack thereof) between taxa at sites
with and without Rusty Blackbird detections. Survey sites had a mean of 6.92 insect fami-
lies (±0.37 SE; range = 1 to 14) and a mean invertebrate count of 49.98 specimens (±6.70 SE;
range = 6 to 205.5) combined from three samples in 2014. Sites with Rusty Blackbird detec-
tions had higher maximum invertebrate abundance of Amphipoda (p < 0.001), Coleoptera
(p = 0.002), Collembola (p < 0.001), Diptera (p < 0.001), Hemiptera (p = 0.018), Odonata
(p < 0.001), Oligochaeta (p = 0.013), Plecoptera (p = 0.004), and Trichoptera (p = 0.033) than
did sites with no detections (Table 4).
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Table 3. Model selection for wetland use of Rusty Blackbirds in northern New England in 2014, using
site occupancy analysis with AIC scores adjusted for overdispersion (c-hat = 1.78).

Model K a QAIC b ΔQAIC c Qwi
d −2 Log-Likelihood

p(visit) Ψ(invert.abundance+mud) 7 123.44 0.00 0.600 188.2
p(visit) Ψ(mud) 6 128.06 4.63 0.060 199.6
p(visit) Ψ(invert.abundance) 6 128.31 4.87 0.053 200.0
p(visit) Ψ(invert.abundance+yng.conifer) 7 129.87 6.43 0.024 199.3
p(visit) Ψ(.) 5 129.99 6.55 0.023 206.4
p(visit) Ψ(mud+yng.conifer) 7 130.05 6.61 0.022 199.6
p(visit) Ψ(beaver+invert.abundance) 7 130.12 6.69 0.021 199.7
p(.) Ψ(.) 3 130.21 6.77 0.020 213.6
p(visit) Ψ(invert.abundance+pct.conifer) 7 130.35 6.92 0.019 200.1
p(visit) Ψ(invert.richness) 6 130.73 7.29 0.016 204.2
p(visit) Ψ(open.water) 6 130.94 7.51 0.014 204.6
p(visit) Ψ(pct.conifer) 6 131.07 7.63 0.013 204.8
p(visit) Ψ(yng.sof+beaver+invert.abundance) 8 131.58 8.14 0.010 198.8
p(visit) Ψ(yng.conifer) 6 131.91 8.47 0.009 206.2
p(visit) Ψ(puddles3x) 6 131.92 8.49 0.009 206.3
p(visit) Ψ(elevation) 6 131.93 8.49 0.009 206.3
p(visit) Ψ(size) 6 131.97 8.53 0.008 206.3
p(visit) Ψ(water.depth) 6 131.97 8.53 0.008 206.4
p(visit) Ψ(beaver) 6 131.99 8.55 0.008 206.4
p(visit) Ψ(invert.richness+yng.conifer) 7 132.68 9.24 0.006 204.1
p(visit) Ψ(beaver+invert.richness) 7 132.73 9.29 0.006 204.2
p(visit) Ψ(open.water+pct.conifer) 7 132.91 9.48 0.005 204.5
p(visit) Ψ(pct.conifer+puddles.3x) 7 132.97 9.53 0.005 204.6
p(visit) Ψ(pct.conifer+beaver) 7 133.05 9.61 0.005 204.8
p(visit) Ψ(yng.conifer) 7 133.84 10.41 0.003 206.1
p(visit) Ψ(size+yng.conifer) 7 133.86 10.43 0.003 206.1
p(visit) Ψ(water.depth+yng.conifer) 7 133.89 10.46 0.003 206.2
p(visit) Ψ(yng.conifer+beaver) 7 133.90 10.46 0.003 206.2
p(visit) Ψ(water.depth+size) 7 133.95 10.52 0.003 206.3
p(visit) Ψ(beaver+size) 7 133.96 10.53 0.003 206.3
p(visit) Ψ(pct.conifer+beaver+puddles.3x) 8 134.97 11.53 0.002 204.6

a Number of parameters. b Quasi Akaike’s Information Criterion. c Difference in the model’s QAIC from that of
the top model. d Quasi Akaike weight.

Table 4. Summary statistics and results of a 2-sample Poisson rate test for differences between maximum invertebrate
specimen abundance per survey per order from three aquatic macroinvertebrate surveys per site for sites with and without
Rusty Blackbird (RUBL) detections in northern New England in 2014.

RUBL Used a RUBL Undetected b Poisson Estimates

Order
Max

Count
N Mean

Max
Count

N Mean
Estimate for
Difference c

95% Lower
Bound

Z p-Value d

Amphipoda 112 35 3.20 28 25 1.12 2.08 1.47 5.64 <0.001
Aranae e 4 35 0.11 3 25 0.12 −0.01 −0.15 −0.06 0.525

Coleoptera 49 35 1.40 16 25 0.64 0.76 0.34 2.97 0.002
Collembola e 143 35 4.09 0 25 0.00 4.09 3.52 11.96 <0.001

Diptera 789 35 22.54 284 25 11.36 11.18 9.46 10.67 <0.001
Ephemeroptera 74 35 2.11 165 25 6.60 −4.49 −5.42 −7.88 1.000

Hemiptera e 8 35 0.23 1 25 0.04 0.19 0.04 2.09 0.018
Hirudinea e, f 1 35 0.03 6 25 0.24 −0.21 −0.38 −2.07 0.981
Lepidoptera e 2 35 0.06 0 25 0.00 0.06 −0.01 1.41 0.079
Megaloptera e 5 35 0.14 14 25 0.56 −0.41 −0.68 −2.56 0.995

Odonata 110 35 3.14 38 25 1.52 1.62 0.98 4.18 <0.001
Oligochaeta e, f 5 35 0.14 0 25 0.00 0.14 0.04 2.24 0.013

Plecoptera e 7 35 0.20 0 25 0.00 0.20 0.08 2.65 0.004
Trichoptera 74 35 2.11 37 25 1.48 0.63 0.07 1.83 0.033
Veneroida e 8 35 0.23 29 25 1.16 −0.93 −1.31 −4.05 1.000
a Considered used if at least one Rusty Blackbird was detected at least once during three surveys. b Considered undetected if no Rusty
Blackbirds were detected during any of the three surveys. c Rate for RUBL-detected – RUBL-undetected sites. d Significant p-values
(α = 0.05) are bolded. e The normal approximation may be inaccurate for small total number of occurrences. f Subclass, rather than order.
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4. Discussion

4.1. Wetland Use and Aquatic Macroinvertebrate Prey

Food availability appears to be important to breeding Rusty Blackbird wetland use
in northern New England. According to our model ranking, the best predictors of Rusty
Blackbird use of wetlands in northern New Hampshire and western Maine are aquatic
invertebrate abundance (positively related) and percent cover of mud (negatively related).
Contrary to our hypotheses, current beaver activity, presence of puddles, and conifer cover
were not important factors. Our data suggest that adult Rusty Blackbirds choose foraging
sites based on aquatic invertebrate prey abundance. Abundance of amphipods, beetles,
true flies, dragonflies, and caddis flies were higher in sites with Rusty Blackbird detections.
This is expected because young birds cannot easily digest dry seeds [30], and invertebrates
contain protein needed for chicks’ growing skeletons. Aquatic insects are high-quality prey
items, in part because many emergents (e.g., Odonata) are soft-bodied in the teneral or
subimago stage, vulnerable to capture, and easily digested.

Our model results suggest that invertebrate abundance is more important than in-
vertebrate richness in predicting Rusty Blackbird wetland use. Given the spatial and
temporal variability of beaver-influenced wetland food resources within the landscape, it
makes sense that Rusty Blackbirds would choose sites with large numbers of prey items
rather than sites with a diverse selection of aquatic invertebrate taxa. From 2010 to 2012,
the mean distance of Rusty Blackbird nests in this area to nearest wetland was 409.65 m
(+/− 46.15 SE) and the maximum distance was 1347 m [46]. Because the foraging habitat in
the study area is patchy and nests can be 400 m or more from foraging sites [37], we would
expect Rusty Blackbirds to seek out sites with abundant food resources to minimize time
spent foraging and provisioning. Home ranges of 13 telemetered adult Rusty Blackbirds in
Maine averaged 37.5 ha and ranged from 4–179 ha [9], suggesting that foraging strategies
in this heterogeneous environment must be flexible but efficient for successfully raising
chicks.

We observed Rusty Blackbirds catching and provisioning multiple prey items at once.
This behavior has also been documented in a camera trap study [47] in our survey area
as well as in other field observations in Maine and New Hampshire [48] and nearby
Vermont [25]. Optimal Foraging Theory predicts how an animal may decide where to
forage, what to forage for, and for how long to forage based on maximizing energy gained
from food items while minimizing searching and handling time [49]. In addition to nesting
hundreds of meters from foraging sites, Rusty Blackbirds often forage in multiple wetlands
throughout their home range [9]. They may provision more food items at a time with
increasing distance from the nest to the foraging site to maximize energy gained versus that
expended, as has been observed in related Icterids [30]. Regional differences in breeding
Rusty Blackbird foraging strategies may exist; an Alaskan study found that adult Rusty
Blackbirds usually fed chicks one large (>2 cm long) prey item at a time [50]. Thus, it is
possible that Rusty Blackbirds in Alaska may operate under a different foraging strategy
based on finding high-quality prey rather than minimizing energy spent foraging.

Although invertebrate richness was not a strong predictor of Rusty Blackbird site
use in our study, Rusty Blackbirds were more likely to use sites with higher aquatic
invertebrate abundance. We modeled a total count of all aquatic invertebrates per site
rather than abundance broken down by order due to small sample sizes. Because we
suspected that some orders are more important than others, we conducted an exploratory
analysis of Rusty Blackbird site use and invertebrate abundance by order. The total number
of individual Coleopterans, Collembolans, Dipterans, and Odonates was three times as
high at wetlands used by Rusty Blackbirds, four times as high for Amphipods, and twice
as high for Trichopterans (Table 4). However, as noted, sites used by Rusty Blackbirds also
had higher Coleoptera richness, underscoring the likely importance of aquatic beetles in
the bird’s diet. Although summer diet information is scarce for Rusty Blackbirds, aquatic
beetles can make up 10% or more of their diet in spring and may exceed 25% in some
regions of the US [20].
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Prey availability is not consistent over time due to differences in insect life histories,
weather changes, and other factors. Rusty Blackbirds forage aerially for Odonates and
other flying insects as well as hunt at the water’s edge for aquatic prey. Orians [30]
suggested that invertebrate prey availability is higher in warm, dry weather due to higher
insect emergence rates. In 2014, the weather in our study area was generally favorable
for Odonate emergence, as mean temperature was 20.8 ◦C ± 0.39 SE and it rained during
just 11% of surveys. Odonate emergence rates are highest during mid to late morning [30];
however, we opportunistically observed breeding Rusty Blackbirds foraging throughout
the day. This observation suggests they may be choosing other prey later in the day,
although we did not quantify the relative foraging time budgets for aerial, emergent, and
aquatic prey. Future studies should consider using a combination of aerial and aquatic
sampling methods to target different invertebrate orders and life stages.

4.2. Wetland Characteristics

Mud was a variable in our top wetland use model, but puddles, conifer cover, and
current beaver activity were not important predictors of Rusty Blackbird wetland use. In
contrast, Powell et al. found that Rusty Blackbird occupancy in New England was best
explained by the presence of puddles (i.e., shallow pools of standing water), conifer cover
greater than 70%, and evidence of current beaver activity [41]. Although that study did
not find strong support for the mud cover survey covariate, our survey methods differed;
Powell et al. used a binary measure of mud presence or absence within a site [41], whereas
we estimated the percent cover of mud at the wetland.

Our research indicates that Rusty Blackbirds forage in wetlands with abundant aquatic
invertebrates and low percent cover of mud. Percent cover of mud is conversely related to
that of open water, in which macroinvertebrates located between the water surface and
the substrate are accessible to prey-seeking birds. Furthermore, the Rusty Blackbird bill
ranges from 17.5 to 19 mm in length [51] and is not morphologically designed to probe for
prey in deep mud. Rusty Blackbirds foraging in mud are likely procuring invertebrates
on the surface. Studies [52,53] have also suggested that wintering Rusty Blackbirds prefer
sites with shallow water. In addition, Wright et al. [54] found that during migration, the
birds use forest edges with leaf litter and shallow water, likely to take advantage of the
proximity of both arthropods and perches.

Microhabitat features are likely important; we observed Rusty Blackbirds foraging
from the surface of deep (>1 m) water while standing on emergent debris. A Vermont
study noted that Rusty Blackbirds forage in the water from debris or logs [25]. Other
studies in New England suggested an unclear relationship between shallow water extent
and Rusty Blackbird occupancy [55]. Breeding Rusty Blackbirds forage in fens and wet
meadows [46], yet bird use and prey communities in these shallow-water ecosystems
remain understudied. Future breeding-season wetland surveys should note the presence
of emergent substrates in deep standing water, as such microhabitats give Rusty Blackbirds
access to otherwise inaccessible foraging areas. Additionally, future researchers should
assess the heterogeneity of invertebrate food availability within each wetland, including
within mud as well as around edges of emergent substrates within deeper water.

Current beaver activity in wetlands did not strongly influence wetland use by Rusty
Blackbirds in our study area, as the model with wetland use as a function of beaver oc-
cupancy ranked lower than the null model. All of our study sites had been modified by
beavers, which may have affected model performance. While the relationship between cur-
rent beaver activity and breeding Rusty Blackbird wetland use is still unclear, beavers create
both breeding and foraging habitat by increasing conifer cover and by making ponds [13],
many of which persist for years to decades [56]. Furthermore, beaver-impounded streams
contain greater numbers of Odonates [18], and Anisoptera nymphs prefer dams of woody
debris over other habitat types [57], so beavers may increase the abundance of preferred
food for breeding Rusty Blackbirds. Previous research found that the presence of cur-
rent beaver activity increased the probability of Rusty Blackbird occupancy [41], which
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is expected given that beavers are associated with improved habitat for aquatic inverte-
brates [58,59]. Furthermore, aquatic invertebrate availability is likely related to water depth
and vegetation cover along the wetland edge, which are factors that beavers influence indi-
rectly, rather than to the actual presence of beavers [57]. The relationship between beaver
occupancy and Rusty Blackbird wetland use is worthy of further study and refinement.

4.3. Landscape Factors

Glennon [60] suggested that climate change and habitat modification are the main
contributors to declines of several boreal bird species including the Rusty Blackbird. Fur-
thermore, climate change is affecting the hydrology and invertebrate communities of North
American boreal wetlands [61]. Sánchez-Bayo et al. [62] noted that species in several
aquatic taxa known to be prey for Rusty Blackbirds (e.g., Odonata) have declined or disap-
peared from many sites in North America. While we did not study insect loss or forested
wetland change, the implication for the Rusty Blackbird’s breeding habitat and prey base
at the species’ southern range limit, and perhaps across its North American summer range,
is sobering. Although current beaver occupancy was not significant in the model, the
influence of beavers on wetland hydrology, heterogeneity, and aquatic invertebrate as-
semblages is strong [58]. Land managers within the Rusty Blackbird’s breeding range
should, to the degree feasible, continue to manage the boreal forest landscape by allowing
beaver populations to persist and include a mixture of forest stand ages in planning. It is
important to allow beaver populations to continue to create impoundments in order to
help invertebrate-rich wetlands persist in a changing climate [63].

4.4. Probability of Detection

We found that the most important predictor of detection probability for breeding
Rusty Blackbirds was the visit (survey) period. As we hypothesized, the probability of
detection given wetland use was highest during the second visit, when parents were
rearing nestlings (28 May–10 June 2014). Rusty Blackbirds tend to be highly secretive and
hard to detect during nest-building, egg-laying, and incubation. Once eggs hatch, adult
Rusty Blackbirds become more vocal and more obvious as they frequently forage for food
and rear their young. Soon after fledging, Rusty Blackbird broods tend to move away from
their nesting areas and towards wetlands [37]. Thus, we designed our study to capture
differences in breeding season behavior by surveying for Rusty Blackbirds in three survey
periods that coincide with their breeding stages. To maximize breeding season detection,
future studies could focus sampling effort on the chick-rearing period.

Time of day, date, wind, temperature, precipitation, and wetland size were not impor-
tant predictors of Rusty Blackbird detectability. Additional factors, including vegetation
cover within a wetland, noise created by running water, and anthropogenic noise, could
have impacted detectability. During our study, a few sites were within earshot of logging
operations, but most surveys were not noticeably impacted by anthropogenic sounds.
There is also a need to compare detectability among multiple wetland types. No infor-
mation exists on Rusty Blackbird occupancy of fens or wet meadows, yet the birds often
forage in these shallow-water ecosystems [46]. Such information would better prepare
land managers to survey areas that have not been previously studied. Lastly, although we
defined a site as a wetland, our actual unit of measurement is the distance over which we
were able to detect Rusty Blackbirds; however, we were unable to accurately quantify the
distance at which we could hear Rusty Blackbird calls or songs at each site.

4.5. Considerations

Our single-season occupancy analysis provides a snapshot of Rusty Blackbird use of
wetlands in New England; the study was designed to characterize differences between
wetlands used by Rusty Blackbirds and wetlands that were unlikely to have hosted foraging
birds. Due to limited time and resources, our study scope was defined as wetlands within
500 m of a road, which could have caused bias. Between-year variation in prey availability
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and habitat features were not examined in this study but are likely important, especially
given changes in hydrology through time resulting from shifting beaver occupancy and
precipitation patterns.

We sampled a small area (approximately 1 m2) for aquatic invertebrates at the edge
of each wetland because the entire wetland perimeter was not accessible due to flooding
or areas of downed trees. With multiple invertebrate surveys in the same marked area
of each site, we were able to compare temporal changes in invertebrate food availability
within a site as well as compare food availability for Rusty Blackbirds across a range of
wetlands. However, because we did not sample all Rusty Blackbird prey species (such
as snails and spiders) or all life stages of prey species, our surveys provide a useful but
incomplete picture of each site’s invertebrate community structure.

5. Conclusions

Our research suggests that Rusty Blackbirds forage in wetlands with abundant aquatic
invertebrates and low percent cover of mud, using sites with more open water and emergent
vegetation. Conservation of Rusty Blackbird populations and the diverse invertebrate
communities upon which these birds depend will require land managers and biologists
to explore uncharted territory. Because habitat change, mercury pollution, and climate
change are regional to global issues that are difficult to address, we recommend that
decision-makers within the breeding range focus on maintaining and improving nesting
and foraging habitat. It is important that land managers retain existing beaver populations
and manage hydrology in the face of climate change [63]. We recommend continued bird
population and wetland monitoring especially because the relationships between water
level and prey availability are mediated by climate and will likely experience greater
variance over time. If this region becomes more drought-prone, land managers could
experiment with managing wetland hydrology to support adequate soil moisture during
the growing season by increasing the size of existing wetlands and creating new ones,
mimicking the work of beavers.

Because much of the Canadian breeding range has not been surveyed for Rusty
Blackbirds, US and Canadian researchers can collaborate to fill information gaps and
identify key areas in need of protection. We recommend long-term monitoring of wetland
habitat and aquatic invertebrates in the Acadian forest. Land managers, both public and
private, have an exciting opportunity to help maintain and improve breeding habitats
for Rusty Blackbirds and other imperiled boreal species. Conservationists should expand
on education and engagement initiatives, such as the Rusty Blackbird Migration Blitz, to
increase the general public’s awareness of and concern for this species.
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Abstract: Rusty blackbird (Euphagus carolinus) populations have declined dramatically since the
1970s and the cause of decline is still unclear. As is the case for many passerines, most research on
rusty blackbirds occurs during the nesting period. Nest success is relatively high in most of the
rusty blackbird’s range, but survival during the post-fledging period, when fledgling songbirds are
particularly vulnerable, has not been studied. We assessed fledgling and adult survivorship and
nest success in northern New Hampshire from May to August in 2010 to 2012. We also assessed
fledgling and adult post-fledging habitat selection and nest-site selection. The likelihood of rusty
blackbirds nesting in a given area increased with an increasing proportion of softwood/mixed-wood
sapling stands and decreasing distances to first to sixth order streams. Wetlands were not selected for
nest sites, but both adults and fledglings selected wetlands for post-fledging habitat. Fledglings and
adults selected similar habitat post-fledging, but fledglings were much more likely to be found in
habitat with an increasing proportion of softwood/mixed-wood sapling stands and were more likely
to be closer to streams than adults. No habitat variables selected during nesting or post-fledging
influenced daily survival rates, which were relatively low for adults over the 60-day study periods
(males 0.996, females 0.998). Fledgling survival rates (0.89) were much higher than reported for
species of similar size.

Keywords: Euphagus carolinus; nest success; post-fledging; rusty blackbird; survivorship;
streams; wetlands

1. Introduction

Songbird breeding productivity is often measured by nest success and associated habitat
characteristics [1]. However, mortality during the post-fledging period can also result in low breeding
productivity and limit populations even when nest success is high [2,3]. Juvenile songbird survivorship
is typically estimated to be 50–60% of adult survivorship [4,5]. However, actual juvenile survival
rate estimates are quite variable, ranging from 0.19 in hooded warblers (Setophaga citrina) to >0.65 in
ovenbird (Seiurus aurocapilla) and worm-eating warbler (Helmitheros vermivorum; [1,3]. Despite this
potential variability in survivorship, the post-fledging period remains an understudied component
of avian demographics for many species in part due to difficulties of following individuals after
fledging [5–9].

Differences in food requirements and vulnerability to predators between the nesting and
post-fledging periods may lead to differences in habitat selection between these stages of the breeding
season [7,10,11]. For example, ovenbird, worm-eating warbler, hooded warbler, Acadian flycatcher
(Empidonax virescens), cerulean warbler, red-eyed vireos (Vireo olivaceus), and Swainson’s thrush (Catharus
ustulatus) families all move to stands with greater structural complexity following fledging [1,2,11–15].
High mortality rates are associated with this movement as young birds seek better-suited post-fledging
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habitat [6,7]. Therefore, full assessment of breeding habitat quality requires evaluation of post-fledging
habitat selection and survival [16].

The rusty blackbird (Euphagus carolinus) is a continental migrant that breeds primarily in the
boreal forests of Canada and Alaska, with populations in Acadian forests of northern New England
and eastern Canada [17] and northern New York [18,19]. The species has experienced an estimated
85–95% continent-wide population decline with accelerated decline rates beginning in the early
1970s [20–24]. It has been declared a species of conservation concern by the United States Fish and
Wildlife Service [25] and is considered vulnerable to extinction by the International Union for the
Conservation of Nature [26]. Reasons for the decline remain unclear despite extensive study on both
the breeding and wintering grounds. However, habitat use and survivorship during the post-fledging
period have not been studied.

Nest success is relatively high where studied in Alaska (x = 0.56 [27]) and New England
(x = 0.62 [28], x = 0.53 [29]), and rusty blackbirds do not seem to be suffering from chronically low rates
of nest success. Rusty blackbird nest success estimates are much higher than the 0.30–0.39 estimated
for red-winged (Agelaius phoeniceus), yellow-headed (Xanthocephalus xanthocephalus), and Brewer’s
(Euphagus cyanocephalus) blackbirds, which have not experienced dramatic declines [30].

Rusty blackbirds typically nest in young spruce-fir stands with high stem densities and forage for
aquatic invertebrates such as Ephemeroptera, Odonata, Plecoptera, Diptera, and Tricoptera [17,31] in
shallow wetlands or along stream edges [17,28,29,31]. Previous studies have identified percent cover
of young softwood stands to be the most important variable selected for nest sites at multiple scales
and associated with higher survival [27–29]. However, wetlands were not selected for nesting at the
5 m or 500 m radius scale even though the species is well-known as a wetland obligate [17].

Understanding the roles of both wetlands and young softwood stands could have important
consequences for research and management. Dense spruce-fir sapling stands are selected for
concealment during nesting and the first few days after fledging. Similar to many songbird species,
young rusty blackbird fledglings fly poorly and lack the ability to escape predation in the first week or so
after leaving the nest [8]. Before they become capable of sustained flight, fledglings spend much of their
time on or near the ground, where they are easy prey for predators [2,3,7,10,32]. As energetic demands
increase [33] and fledglings become more mobile, proximity to wetlands and streams with abundant
and diverse invertebrate resources becomes important as fledglings learn to forage independently and
fulfill their high energetic demands [6,7,31,33].

Our objectives were to 1) determine what forest stand types are important to rusty blackbirds
during nesting and post-fledging, 2) assess nest site and post-fledging habitat selection, 3) analyze
the influence of selected habitat characteristics on nest success and post-fledging survivorship of
fledglings and adults, 4) provide forest management recommendations for incorporating post-fledging
habitat into management plans for rusty blackbirds, and 5) advocate a paradigm shift from
wetland-centric to landscape-centric for future rusty blackbird researchers in New England, New York,
and Maritime Canada.

2. Materials and Methods

2.1. Study Area

We studied rusty blackbirds during 2010–2012 in the upper Androscoggin River watershed in
northern New Hampshire. Ecosystem classification places this watershed within the White Mountains
Section of the New England-Adirondack Province [34]. The landscape is mountainous, with most
of the area at elevations between 460 to 800 m.a.s.l., valleys between 305 to 460 m.a.s.l., and a few
peaks and ridges exceeding 800 m.a.s.l. [35]. Surface waters include the 6th order Androscoggin and
Magalloway rivers, 4th order Clear Stream and Swift Diamond River, numerous lower order streams,
Umbagog Lake (3177 ha), and several ponds of 10 to 125 ha. Climatic conditions include cold winters
and warm summers, with mean monthly lows ranging from −15 ◦C to 13 ◦C and highs from −3.3 ◦C to
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25.6 ◦C in January and July, respectively; mean annual precipitation is 105 cm, with a monthly means
ranging from 5.9 cm in February to 11.1 cm in October, and 198 cm of snowfall [36].

The area is heavily forested in a patchwork of northern hardwood, Acadian spruce-fir, and mixed
northern hardwood-spruce-fir. Balsam fir (Abies balsamea) and red spruce (Picea rubens) dominate
softwood stands; eastern white pine (Pinus strobus), black spruce (Picea mariana), northern white cedar
(Thuja occidentalis), and tamarack (Larix laricina) occur at lower densities. Major hardwood species
include sugar maple (Acer saccarum), red maple (Acer rubrum), yellow birch (Betula alleghaniensis), white
birch (Betula papyrifera), quaking aspen (Populus tremuloides), bigtooth aspen (Populus grandidentata),
balsam poplar (Populus balsamifera), American beech (Fagus grandifolia), black cherry (Prunus serotina),
pin cherry (Prunus pensylvanica), American mountain-ash (Sorbus americana), striped maple (Acer
pensylvanicum), white ash (Fraxinus americana), and black ash (Fraxinus nigra). Primary stand disturbance
agents include timber harvesting, wind throw, breakage from ice and snow loads, beavers (Castor
canadensis), and insect outbreaks, notably spruce budworm (Choristoneura spp.) [35].

We conducted our study in three drainages: 1) Swift Diamond River valley (SWDI), 2)
Mollidgewock (MOLL), and 3) Interior (INTE). SWDI was located on Wagner Forest Management Ltd.
lands (hereafter Wagner) and INTE and MOLL were located on the Umbagog National Wildlife Refuge
(hereafter Umbagog; Figure 1).

Figure 1. Drainages and their locations relative to the nearest township of Errol, Coos County, New
Hampshire within the USA. Symbols indicate approximate site locations from 2010−2012 and include
Swift Diamond (SWDI), Interior (INTE), and Mollidgewock (MOLL).

2.2. Field Procedures

During our pilot study in 2010, we conducted presence-absence surveys within 100 m of
wetlands by observing passively for 3 min, broadcasting male rusty blackbird songs and calls for 38 s,
and observing passively for another 5 min [28]. We discovered that these surveys failed to detect
previously located rusty blackbird pairs that were nesting > 100 m from wetlands. Thus, we changed
our survey protocol for 2011 and 2012 to include regenerating softwood stands up to approximately
0.5 km from wetlands during 30 min to 2 h passive surveys [27]. We identified survey locations using
a combination of forest industry maps, topographic maps, and Google Earth imagery. We began
nest-searching in early May in areas of rusty blackbird activity and continued through mid-June.
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Once located, nests were monitored approximately every 5 days until they either fledged young or
failed. When nests failed during incubation, we attempted to locate re-nests.

To collect spatial and survival data on fledgling and adult rusty blackbirds, we deployed
radio-transmitters on a subset of nestling and adult rusty blackbirds captured at nest sites; not all
nests received transmitters. We attached VHF transmitters to nestlings when they were approximately
7–10 days old. We captured adult rusty blackbirds near active nests using 60-mm mesh size, 6 m long mist
nests, and a broadcast call. We used transmitters from Blackburn Transmitters (Nacogdoches, TX, USA),
Advanced Telemetry Systems (Isanti, MN, USA), and Holohil Systems, Ltd. (Carp, ONT, CA). Battery life
ranged from 30 days in 2010 to 60 days in 2012. Transmitters were attached via a synsacrum harness with a
degradable 1 mm stretchy jelly cord [37]. In 2012, we designed a harness with a weak link because birds
returned with harnesses from previous years that had become embedded in their skin.

Transmitter weight with harness varied from 1.8% (70 g bird) to 2.3% (55 g bird) of adult bird
mass. Transmitters on nestlings weighed from 5.6 to 8% of mass at time of attachment but were lower
than adult ratios once nestlings fledged because transmitters used on fledglings were lighter (0.9 g)
than those for adults (2.7 g). Harnesses were fitted loosely on nestlings and were the largest size to
enable growth. Each adult and nestling blackbird received a US Geological Survey (USGS) federal
band and adults received a unique color-band combination for identification (USGS BBL Permit #
22665). This study plan was approved by the University of Georgia IACUC (AUP# A2009 1-003).

Observers located tagged rusty blackbirds 3–5 times per week using ATS R2000 and R2100 receivers
in vehicles with roof-mounted dipole antennas and hand-held R410 receivers with three-element Yagi
antennas. In > 94% of locations, we determined coordinates with a Garmin GPS by following a radio
signal until we saw or heard the bird. In remaining cases, we used triangulation of bearings taken
from multiple points on logging roads. We conducted observations between sunrise and sunset and
avoided periods of excessive wind and rain.

2.3. Data Analyses

2.3.1. Habitat Selection

We used binomial logistic regression to determine habitat characteristics that rusty blackbirds used
out of proportion to availability [38]. We conducted separate analyses for nests, fledgling, and adult
telemetry locations. Nests or telemetry locations were considered use points and we generated random
availability points within rusty blackbird areas of use with ARCMAP 10.4. We then assigned a value of
1 to use points and 0 to availability points to be used as response variables. If multiple tagged birds
were documented at the same location at the same time, we only used a location once for a use point
and prioritized triangulated points for removal.

To generate availability points, we created a 90% kernel density background for each of the three
analyses and the three drainages separately. For the post-fledging analysis, the background area of use
included area outside nesting sites because fledglings moved increasing distances (>1 km) from the
nest as they became more mobile. We generated roughly the same number of availability points as use
points. We constrained availability points to be at least 50 m apart for telemetry data and 300 m apart
for nests. Availability points within large bodies of open water or other unsuitable habitats (e.g., paved
road surfaces, buildings) were deleted and not replaced.

We created predictor habitat variables based on published literature [24–26,38], our field
observations, habitat characteristics used in our revised survey protocol, and relevance to forest
management. We generated predictor variables for SWDI from layers we created in ARCMAP 10.4 using
forest stand maps (Wagner), and soil, river, and wetland maps from New Hampshire Geographically
Referenced Analysis and Information Transfer System (NH GRANIT, hereafter GRANIT; Table 1).
For MOLL and INTE, where forest stand maps were unavailable, we used aerial photography to
digitize forest stand types within a 30 m radius around use and paired availability points for each
habitat variable for every other telemetry point/bird/day.
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Table 1. Descriptions of habitat variables used for generating logistic regression models for rusty
blackbird nests and post-fledging adult and fledgling locations in northern New Hampshire from
2010−2012. Buffer is a 30 m radius circle around location points.

Variable Description

lowdrainage % of buffer in class poorly and very poorly drained
lowslope % of buffer that is 1−8% slope
stream123 mean distance of buffer to 1st−3rd order streams

stream3456 mean distance of buffer to 3rd−6th order streams
allstreams mean distance of buffer to 1st−6th order streams
softwood % softwood stands in buffer

swsaplings 1 % softwood or mixed softwood (>75% SW)
mixage % mixed-age stands in buffer

wetlands % any vegetated palustrine wetland in buffer
alder % alder wetland in buffer

beaver % beaver pond wetland buffer
forestwl % forested wetland in buffer
seasonfl % seasonally flooded wetland in buffer

1 swsaplings were stands <10 yrs old or with saplings 1.3–14 cm DBH.

Once we created predictor variables, we extracted raster data for every other point/day/bird
(due to time and computing constraints and to match Umbagog data) for the 13 variables (Table 1).
We calculated values for predictor variables as the mean of raster cell values in a 30 m radius buffer
around use and availability points. The 30 m scale is roughly an order of magnitude between
the 5 and 500 m scales used as buffers for variables in previous research [28,29]. To summarize
variables, we calculated the mean and standard deviation of use and availability points for nests and
blackbird locations.

We used generalized linear mixed models (GLMM; R package lme4) in program R 3.4.3 [39]
to run logistic nest site and post-fledging habitat selection analyses [40]. We determined Pearson
correlations on all pairs of predictor variables prior to modeling and avoided including variables
correlated at r > 0.40 in the same model. We used Akaike information criterion (AICc) to compare
model fit between nested models with and without year as a random effect and determined that year
did not account for significant variation. For post-fledging telemetry data, we included individual
birds nested within drainage (SWDI, INTE, MOLL) as a random effect in each model to control for
spatial autocorrelation [40]. Availability points were assigned to individual birds based on location.
We did not consider pseudoreplication to be a problem because blackbirds did not maintain a consistent
home range post-fledging. We did not include fledglings and adults from the same nest in the same
analysis, randomly omitting one.

We used model selection to evaluate the relative plausibility of habitat selection models with
combinations of the 13 predictor variables [41,42]. To avoid over-fitting models with parameters,
we first reduced our set of 13 variables by comparing correlated sets individually with the second-order
AICc. We retained variables for further analysis that had the lowest AICc scores and were better than
the null model. We included one stream, wetland, and forest stand type variable in a model at a time
to avoid correlation and then compared 17 candidate models. The top habitat selection models for
males and females included the same variables with similar weights, and parameter estimates were
similar, so we pooled males and females into adults for habitat selection analyses.

We assessed the relative fit of each candidate model by calculating Akaike weights (ωi; [42].
We report a confidence set of models that included only those candidate models with Akaike weights
that were within 10% of the largest weight [43] for evaluating strength of evidence. If more than
3 models were within 10% of the model with the greatest ωi, we report the subset of models with ωi >
0.01. To choose the best model in analyses that generated several top models, we chose the model
with the fewest parameters within ΔAICc < 2 of the top model. We chose the top model if the level of
support (ωi > 0.6) indicated that it was far better than other models.
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We used the chi-square G statistic to evaluate the strength of our top models in explaining
goodness-of-fit (p < 0.05; [44]). We assessed the predictive ability of our top models by estimating the
Area Under the Curve (AUC) of the Receiver Operating Characteristic (ROC) curve, i.e., the rate of
true positives (sensitivity) to false positives (1-specificity). We plotted ROC curves with the R package
“pROC”. We used an AUC ≥ 0.85 to indicate good predictive ability of our models.

We assessed the precision of model-averaged coefficients by calculating 95% confidence intervals.
Confidence intervals including 1 indicated inconclusive estimates because we could not determine
the nature of the relationships (i.e., whether positive or negative) due to imprecision in parameter
estimates [45]. We report scaled, model-averaged coefficients from the top models (ωi> 0.6). The scalars
correspond to biologically relevant unit changes in predictors.

2.3.2. Nest Success and Adult and Fledgling Survivorship

We used the R package RMark 2.2.4 [46] to estimate daily survival for nests, fledglings, and adults.
We used nest success models appropriate for use with telemetry data when data are not collected at a
consistent time interval and the exact date of fates are not known [47,48]. For nest success, we considered the
first day we observed eggs, incubation behavior, or nestlings to be the date the nest was found. We assumed
a 29-day exposure time when calculating nest success; 5 days for laying, 12 days for incubation, and 12 days
for nestlings [28]. We considered the date of fledging to be the “date found” in RMark for both adults and
fledglings. Tagged nestlings that were depredated before they fledged were not included.

Covariates tested included variation in survival among years (2010, 2011, and 2012), among drainages
(SWDI, MOLL, INTE), and with number of days since nest initiation (nests). To determine fledgling survival
in the first week, we assessed seasonal survival of fledglings (season). We did not include adult age as a
covariate because only two adults could be aged beyond the after-hatch-year class. We included habitat
variables from top models from nest and post-fledging habitat selection analyses. We used overall means
to interpolate habitat variables for 9 blackbirds that were missing habitat data to enable daily survival
rate calculations for those individuals. To account for classes with no mortality, i.e., survivorship = 1 and
variance cannot be estimated, we added a fictitious bird to the dataset in that class and assumed the bird
died on the last occasion [28]. We assigned mean habitat covariate values to this bird. We calculated the
mean of all use locations for each habitat variable to include in the corresponding survival record for each
bird and assumed the mean was representative of variables leading up to predation or survival. We used a
model selection approach to determine the best model for nest success and blackbird survival, such as the
methods described above for habitat selection.

3. Results

3.1. General

We found 59 rusty blackbird nests during the 2010–2012 breeding seasons, the majority of which
(92%) were in previously clear-cut, regenerating softwood-dominated stands 5–15 years post-harvest.
These stands averaged 5.4 ha and ranged from 0.36–13 ha. Of the 59 nests in our study, 31 (53%) were
within 75 m and 10 (17%) were > 200 m from a stream or wetland.

We used 37 nest locations that were > 100 m apart and generated 57 random availability points
to use in logistic regression. We attached 36 radio-transmitters to adults (13 female, 23 male) and
25 to nestlings. After removing adult birds tagged from the same nests, we were left with points from
11 females and 18 males. Of the 25 nestlings tagged, 8 died before fledging. In the seven cases where
two nestlings from a nest had transmitters, one of the two was omitted from the fledgling analysis,
leaving 10 fledglings in the habitat selection analysis. We documented a total of 318 use locations for
20 blackbirds in 2010, 993 use locations for 24 birds in 2011, and 626 use locations for 17 birds in 2012
(Appendix A). We omitted location points for one female who died from apparently capture-related
causes. We omitted 70 location points of adults and fledglings documented when fledglings were still
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in the nest to eliminate data from the nestling period. After refining the telemetry data, 771 use points
remained, and we generated 806 availability points.

New fledglings flew weakly and most remained within 100 m of the nest for the first few days
after fledging. Once fledglings moved away from the nesting area, we observed pairs dividing
their fledglings between them, joining other family groups, and feeding fledglings of other pairs.
Most fledglings depended on adults for food for about 3 weeks. Some fledglings traveled alone after
becoming independent, while others remained in family groups or joined up with fledglings from
their own or other families. During our study, all tagged individuals that fledged before 8 June had
been detected more than 1 km from the nest by the end of the month.

3.2. Habitat Selection

The top model for habitat selection included similar variables for all 3 groups tested (i.e., nest
sites, fledglings, and adults): distance to streams, proportion of softwood/mixed-wood sapling stands,
wetlands, and low slope class (Table 2). In each case, the top model received strong support (ωi > 0.62;
Table 2). However, parameter estimates differed substantially among the groups, justifying not pooling
adults and fledglings in the same analysis (Table 3).

Table 2. High ranking candidate models for rusty blackbird nesting, fledgling, and adult habitat
selection in Northern New Hampshire from 2010−2012. k = number parameters, AICc = Akaike
information criterion for small sample sizes, ΔAICc is the difference between the model and top model,
ωi =weight, cum., ωi = cumulative weight, and LL = log likelihood. See Table 1 for variable definitions.

Candidate Models k AICc ΔAICc ωi cum. ωi LL

Nesting
allstreams+swsaplings+lowslope 5 93.28 0 0.62 0.62 −41.3

allstreams+swsaplings+lowslope+wetlands 6 95.24 1.95 0.23 0.85 −41.14
stream123+swsaplings+lowslope+wetlands 6 96.81 3.53 0.11 0.96 −41.92

allstreams+swsaplings+wetlands 5 99.54 6.25 0.03 0.99 −44.43
Null 2 130.16 36.87 0 1 −63.01

Fledgling
allstreams+swsaplings+lowslope+wetlands 6 404.91 0 0.73 0.73 −196.35

allstreams+swsaplings+lowslope+wetlands+softwood 7 406.97 2.06 0.26 0.99 −196.34
Null 3 543.62 138.71 0 1 −268.78

Adult
allstreams+swsaplings+lowslope+wetlands 6 1164.69 0 0.73 0.73 −576.31

allstreams+swsaplings+lowslope+wetlands+softwood 7 1166.68 1.99 0.27 0.99 −576.29
allstreams+mixage+lowslope+wetlands+softwood 7 1174.46 9.77 0.01 1 −580.18

Null 3 1568.82 404.13 0 1 −781.40

Distance to 1st–6th order streams was an important variable in all 3 analyses, and had the largest
effect for fledglings (Figure 2, Table 3). Fledglings were 4.6 times more likely to occur with every
50 m decrease in distance from streams, compared to 1.2 times more likely for adults and 1.3 times
for nest sites. Nests, fledglings, and adults were all 1.2 times more likely to occur with every 10%
increase in softwood/mixed-wood sapling stands. Only nests were influenced by low slope and were
1.1 times more likely to be observed with a 10% increase in area with low slope. While the proportion
of wetlands in an area was important for fledgling and adult habitat use, (blackbirds were 1.3 times
more likely with each 10% increase), wetlands were not important for nest-site selection (Figure 2).
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Table 3. Adjusted, scaled back-transformed log-odds estimates for rusty blackbird fledglings (n = 10),
adults (n = 29), and nests (n = 37) in New Hampshire from 2010–2012 including estimates, SE, and 95%
upper and lower confidence intervals. Scaled log odds estimate reads: it is 1.3 times more likely a rusty
blackbird will be present with every 10% increase in the proportion of sapling stands in a 30 m radius
buffer. Confidence limits including 1 indicate no effect and are denoted “–”.

Variable Estimate SE LCI UCI
Unit Scaled Scaled CL

Change Estimate

Fledglings
Intercept −0.92 0.38 −1.66 −0.18

distance to streams (1st–6th) −30.3 7.76 −45.5 −15 50m 4.55 2.1, 9.7
proportion swsaplings 1.8 0.34 1.1 2.4 10% 1.2 1.1, 1.3

proportion low slope (1−8%) 1.18 0.3 0.59 1.77 – –
proportion wetland 2.9 0.6 1.71 4 10% 1.33 1.2, 1.5

Adults
Intercept −0.33 0.15 −0.62 −0.04

distance to streams (1st–6th) −3.7 0.4 −4.4 −2.9 50m 1.2 1.2, 1.3
proportion swsaplings 1.2 0.2 0.83 1.56 – –

proportion low slope (1−8%) 0.87 0.2 0.56 1.17 – –
proportion wetland 2.7 0.4 1.95 3.38 10% 1.31 1.2, 1.4

Nests
Intercept −0.87 0.55 −1.95 0.21

distance to streams (1st–6th) −5.16 1.65 −8.39 −1.93 50m 1.3 1.1, 1.5
proportion swsaplings 0.02 0.01 0.01 0.04 10% 1.2 1.1, 1.5

proportion low slope (1−8%) 0.01 0.01 0 0.03 10% 1.1 1, 1.3
proportion wetland 0.01 0.01 −0.02 0.04 – –

Figure 2. Mean and 95% CI of variables from top models of (a) nest use (black circles; n = 37) relative
to availability (white circles; n = 57), (b) fledgling habitat use (black circles; n = 198) relative to
availability (white circles; n = 196), and (c) adult use (black circles; n = 537) relative to availability
(white circles; n = 609) in N. New Hampshire from 2010–2012. Proportion of lowslope, wetlands,
and softwood/mixed-wood saplings are on the left y-axis, and distance (m) of points from allstreams is
on the right x-axis. Lowslope=% of 30 m buffer in soil class poorly or very poorly drained, wetlands=%
of 30 m buffer in any vegetated palustrine wetland, saplings=% of 30 m buffer in softwood/mixed-wood
sapling stands, and allstreams =mean distance of buffer to 1st–6th order streams.
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3.3. Nest Success

We included 37 nests with known outcomes that were > 100 m apart in the nest success analysis.
The null model for nest survival received most of the support (Table 4); candidate models including
year, drainage, and trend through time (season) received little support (Table 4). Daily nest survival for
all years combined was 0.975, SE = 0.26, resulting in an overall nest success rate with 29-day exposure
of 0.48 (Table 4). Although the top model for nest success included wetlands (Table 4), the confidence
limits for the estimate of this variable included 0. We therefore chose the intercept only model as the
top model and report estimates from this model (Table 5).

Table 4. High-ranking candidate models for rusty blackbird fledgling, adult, and nest survival in
northern New Hampshire. k = number of parameters, AICc = Akaike information criterion adjusted
for small sample sizes, ΔAICc is the difference between the model and the top model, ωi = weight,
and cum. ωi = cumulative weight; see Table 1 for habitat variable descriptions. nestage is the
age of the nest when first found, S = survival, time = time from first day of study, hy = fledgling,
SWDI = Swift Diamond drainage.

Candidate Models k AICc ΔAICc ωi Deviance

Nests
S(~wetlands) 2 72.8 0 0.19 68.76

S(~nestage +wetlands) 3 73.5 0.69 0.13 67.42
S(~nestage +wetlands + allstreams) 4 74.3 1.55 0.09 66.24

S(~allstreams) 2 74.5 1.72 0.08 70.48
S(~wetlands + lowslope) 3 74.8 2.00 0.07 68.73

S(~nestage +wetlands + lowslope) 4 75.1 2.26 0.06 66.95
S(~1) 1 75.2 2.38 0.06 73.16

S(~nestage + allstreams) 3 75.9 3.07 0.04 69.8
S(~nestage) 2 76.0 3.16 0.04 71.92

S(~allstreams + swsaplings) 3 76.3 3.55 0.03 70.28
Adult males and females and fledglings (hy)

S(~swsaplings + hy + female +male) 5 100.2 0 0.32 90.19
S(~hy + female +male) 4 102.0 1.8 0.13 94.02

S(~lowslope + allstreams) 3 102.9 2.6 0.09 96.84
S(~time + hy + female +male) 5 103.3 3.1 0.07 93.29

S(~lowslope + hy + female +male) 5 103.9 3.7 0.057 93.88
S(~lowslope) 2 104.0 3.8 0.05 99.98

S(~1) 1 104.1 3.9 0.05 102.09
S(~SWDI) 2 104.1 3.9 0.05 100.13

S(~wetlands + lowslope) 3 105.0 4.7 0.035 98.95

Table 5. Parameter estimates, standard error (SE), and lower (LCI) and upper (UCI) confidence intervals
for daily survivorship and overall survival; 29 days for nests (n = 37), and 60 days for fledglings (n = 18)
and adult male (n = 20) and female (n = 11) rusty blackbird survival in northern New Hampshire
from 2010–2012.

Survivorship Parameters Survival Estimate SE LCI UCI Overall

Nest survival daily 0.975 0.26 0.95 0.99 0.48
Fledgling survivorship 0.988 0.336 0.97 0.99 0.49

Female survivorship 0.998 0.63 0.99 1 0.89 1

Male survivorship 0.996 0.44 0.99 1 0.79
1 Female survivorship was estimated with a hypothetical record. See text for details.

Goodness-of-fit values for top habitat selection models were very close to or exceeded our
threshold of 0.85 for nest sites (AUC = 0.87), fledglings (AUC = 0.87), and adults (AUC = 0.84).
The Hosmer–Lemeshow test for nests (chi-squared = 9.0, p = 0.3) and fledglings (chi-squared = 15.8,
p = 0.051) indicated no lack of fit. However, tests for adults indicated a difference between observed
and expected proportions (chi squared = 28.1, p ≤ 0.001). In the adult analysis, confidence intervals
for estimates of two variables in the top model (softwood/mixed-wood sapling stands and low slope)

121



Diversity 2020, 12, 221

overlapped one and thus were not useful for prediction; estimates for distance to streams in the nest
analysis and for low slope in the fledgling analysis were similarly ambiguous (Table 3). The simplified
adult model improved the chi-squared to 18.8, p = 0.02. Normal probability and residual plots indicated
that all models satisfied assumptions of normality.

3.4. Blackbird Survival

Of the 18 fledglings, 20 adult males, and 11 adult females with transmitters in the survival
analysis, 7 fledglings (39%), 5 males (25%), and 0 females succumbed to mortality during the life of
their transmitter. Only one fledgling and one adult blackbird failed to survive the first week after
fledging. There were no differences between years, drainages, or seasonal survival. Because the season
variable was not important for explaining variation in survival of fledglings, including the period
one week after fledging, males, females, and fledglings were analyzed together using age/sex dummy
covariates; fledgling sex was unknown. The top model for blackbird survivorship included age and
sex categories, with fledglings having the lowest survival rates (0.988, SE = 0.34), males with 0.996,
SE = 0.44, and females with 0.998, SE = 0.63 (Table 5).

4. Discussion

4.1. Survival and Habitat Selection

Rusty blackbirds in our study selected (at a 30 m radius scale) a combination of habitat conditions
for nesting and post-fledging, including shallow wetlands and low slope with softwood/mixed-wood
sapling stands. This was the first study to assess the importance of distance to 1st to 6th order streams
and found that this feature was selected for both nesting and post-fledging. Availability of streams in
addition to wetlands may increase foraging opportunities because streams and wetlands have different
availability of prey types throughout the season [31,49–52]. Early nestling development may be
synchronized with the availability of small items typical of streams, such as Ephemeroptera, Plecoptera,
and Trichoptera larvae, while dependent fledglings may require larger Odonata larvae, which are more
abundant in wetlands (P. Wohner unpublished data). A diverse network of interconnected channels
and impoundments, such as those created by beavers, may provide ideal foraging opportunities for
rusty blackbirds [52].

We found that while habitat selection was similar between nest sites and post-fledging locations
at the 30 m scale, the stages had one important difference: wetland cover. Likewise, in a study that
included the same drainages, rusty blackbirds did not select wetlands for nesting at the 5 m scale [29].
At the 500 m scale, rusty blackbirds were reported more likely to select nesting habitat with increases
in wetland cover in New Hampshire [29]. However, the confidence interval for the wetland estimate
ranged from −2 to 13, overlapping 1, and is therefore inconclusive [29]. We concur that rusty blackbirds
select nest sites independent of wetland cover at the 5, 30, or 500 m scale. However, wetlands are
important to adults and fledglings at the 30 m scale. Concealment from predators may be more
important than proximity to foraging areas during nesting and early post-fledging, while foraging
opportunities quickly become a priority after fledging [9].

It is likely that proximity to wetlands is important for nest-site selection at a larger scale than
has been studied thus far, i.e., >500 m [53]. Rusty blackbirds are highly mobile, traveling up to 2 km
between wetlands and nesting areas, and have large home ranges (3.8–172.8 ha in Maine, equivalent
to a circle with radius 35–741 m [54]). It is possible that cues for selection of nesting and foraging
habitat are decoupled at different spatial scales, and rusty blackbirds select wetlands at a 1–5 km scale
for foraging, and nesting habitat at a much smaller scale (0.05–0.5 km [53]). We propose that future
nesting habitat selection studies that use multiple spatial scales including the 1–5 km scale would help
to determine the density and size of wetlands important for rusty blackbirds at the home range scale
and provide better predictive ability for rusty blackbirds [55].

122



Diversity 2020, 12, 221

Finding the appropriate scale could have important consequences for research and
management [55]. For example, many surveys for nesting rusty blackbirds have been wetland-centric
and typically only detect songbirds within 100–200 m of a point. In our study, 35 percent of nests were
located >200 m from the nearest wetland. If rusty blackbird pairs forage at multiple wetlands and
streams and nest in relatively distant uplands, wetland-based surveys likely underestimate occupancy
and may result in biases [56]. The low detectability documented in other studies that only surveyed
wetlands could be a consequence of survey design [28]. Other researchers have noted that point
count-based surveys are not well suited for estimating the abundance or habitat use of breeding rusty
blackbirds, even when broadcast calls are used [19].

Our nest success estimates (0.48) are well within the range reported by other rusty blackbird
researchers (0.21–0.75; [27–29]) and are much higher than those reported for red-winged, yellow-headed,
and Brewer’s blackbirds (0.30–0.39; [30,57]). Regenerating clear-cuts were suspected ecological traps
for nesting in rusty blackbirds in Maine [28]. However, we found evidence that regenerating clear-cuts
support successful nesting by rusty blackbirds. Although we did not explicitly test stand origin, nest
success did not decrease with increases in softwood sapling stands, 92% of which originated from
even-aged forest management. This result is consistent with other research that found rusty blackbird
nest success was independent of recent harvesting [26]. We agree with other researchers that nest
success is unlikely to be limiting rusty blackbird populations [24,26].

As in other New England rusty blackbird breeding studies, where nest selection was assessed
at 5 and 500 m radius scales [27,29], rusty blackbirds in our study selected young (5–15 years old) or
stunted softwood/mixed wood stands at the 30 m radius scale for nesting. Many of the New England
nesting stands were created by even-aged management and are composed of regenerating softwoods.
For example, 75% of nests in Maine [28], 88% in Maine and New Hampshire [29], and 92% in this
study were located in young, even-aged softwood stands. While rusty blackbirds seem to have an
affinity for regenerating clear-cuts at the 5, 30, and 500 m scales, there may be a threshold for increasing
proportions of regenerating softwood stands at larger scales than 500 m. Blackpoll warblers (Setophaga
striata) were found to be positively associated with large proportions of clear-cut at the 115 m scale [6].
However, at the 1250 m scale, they were positively associated with clear-cuts only when < 5% of
cover was clear-cut, above which the relationship was negative [6]. Thus, while even-aged forest
management may be beneficial for rusty blackbirds at smaller scales, e.g., 5, 30, and 500 m radius,
researchers should consider a scale larger than 500 m for future studies.

We observed low mortality rates for rusty blackbird fledglings in the first week after fledging (3%)
compared to those reported for other songbirds, e.g., 21–81% for ovenbird [2], 11% for worm-eating
warbler [8], and 90% for rose-breasted grosbeak (Pheucticus ludovicianus) fledglings [7]. All observed
fledgling mortality took place in the first four days of a yellow warbler (Setophaga petechi) study [58].
Our high rusty blackbird fledgling survival contrasts with virtually every other songbird post-fledging
study. We suggest that dense regenerating softwood stands approximately 5–15 years post-harvest,
may afford < 1-week-old fledglings protection from potential predators while they are most vulnerable.
Fledglings of songbirds that nest in mature hardwood stands with relatively open understories have
sparse protective cover before moving to early successional habitats with dense vegetation [1,2,6,12].
Our overall fledgling survival during the 60-day post-fledging period was also relatively high (0.49)
and is likely not an overwhelming factor contributing to population decline. However, we did not
study survivorship after fledglings were completely independent from adults, nor during migration
when young birds could experience substantial mortality [9]. Populations of fledgling barn swallows
(Hirundo rustica erythrogaster) were found to be limited by the pre-migration phase [9].

While few studies have estimated adult survival during either nesting or post-fledging, adult
barn swallow survival over 60 days was 0.92, SE = 0.11 for males and females together [59], compared
to our estimates of 0.89 for females and 0.79 for males over the same time frame. Rusty blackbird male
survival may truly be relatively low during the post-fledging period. However, the confidence intervals
around our estimates are wide (0.54–1), likely due to small sample sizes. Transmitter harnesses may
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reduce survival, resulting in a survival estimate that is lower than actual survival in the general
population. We regularly observed rusty blackbirds picking at their harnesses which could distract
birds and expose them to higher predation. We have also recaptured blackbirds with transmitters
embedded in their skin. Transmitter harnesses have been found to affect survival in sensitive species
such as pileated woodpeckers (Dryocopus pileatus; [60]). Why harnesses would have a disproportionate
effect on males over females is unknown but could be due to morphological differences between the
sexes. High mortality of adult rusty blackbird males during the breeding season seems unusual, but if
true, could itself be a key factor in population decline. Male survival during the breeding season
warrants future study.

4.2. Recommendations

Nest success and adult and fledgling survival were not affected by any of the habitat variables
we analyzed, which suggests that something other than breeding ground habitat may be limiting
rusty blackbird populations. Thus, we expect that current forest management practices continue
to create suitable landscapes for successful nesting and post-breeding survival. Our study adds
support to a study in Nova Scotia, that found rusty blackbird habitat remains relatively abundant
and well-distributed and is often located in wet lowlands which is a climate-resilient topographic
landform [61]. Targeted habitat management for rusty blackbirds is likely to be unnecessary in many
areas due to the species’ use of regenerating softwood stands that are created by a variety of harvesting
practices. We do recommend that harvest plans ensure the availability of at least one softwood stand
5 to 15 years post-harvest within 300 m of streams and shallow wetlands over time. In the Acadian
forest, on ownerships where wildlife habitat is the focus of forest management, prioritizing harvests
on poorly drained sites where trees grow more slowly could provide rusty blackbird nesting habitat
for longer periods of time (≥40 years) [62]).

To aid in finding high priority areas for research or conservation, we recommend overlaying the
regression equation from our top models for nests and fledglings in the raster calculator in ARCMAP
(i.e., for nests: −0.87–5.2 (distance to streams) + 0.01 (prop slope) + 0.02 (prop softwood/mixed-wood
sapling stands). The nests and fledgling models had high goodness of fit, and together, could identify
rusty blackbird habitat at the landscape level. We expect our regression equations will be applicable in
the southeastern portion of the rusty blackbird’s range in Acadian Forest, i.e., New Brunswick, Nova
Scotia, northern New England, and the Adirondacks.

Finally, we hope that rusty blackbird researchers will move from traditional survey protocols [63,64]
like presence-absence surveys to protocols such as those used for western yellow-billed cuckoos
(Coccyzus americanus occidentalis), which also have large home ranges (16–91 ha) [65,66]. These surveys
use broadcast calls every 100 m along transects in appropriate habitat [67,68]. (Spring surveys to
locate pairs prior to nest searching for intensive research should avoid using broadcast calls, however).
Future rusty blackbird research on the breeding ground should incorporate a landscape perspective
and include multiple habitat types, including but not limited to dense young softwood stands, streams,
seepages, and wetlands. Studying the species at a much larger scale than previously (e.g., >500m),
may shed new light on wetland requirements during nesting.
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Appendix A

Summary of rusty blackbirds tagged by year and drainage in northern New Hampshire, USA
from 2010−2012; includes total birds and number of points collected, and the subset of blackbirds
and telemetry points retained in the analysis by adults (M = male and F = female) and fledglings.
SWDI = Swift Diamond, MOLL =Mollidgewock, and INTE = Interior.

Year
Drainage

Tagged

Total

Birds

Total

Points

Birds in

Analysis

Adults in

Analysis

Fledges in

Analysis

Points in

Analysis

2010 SWDI 8 167 4 1M,1F 2 64
2010 MOLL 8 130 6 3M,2F 1 73
2010 2010 Total 16 297 10 7 3 137
2011 SWDI 14 687 10 5M,2F 3 230
2011 MOLL 6 120 4 2M 2 60
2011 INTE 4 186 4 2M,1F 1 84
2011 2011 Total 24 993 18 12 6 374
2012 SWDI 12 486 10 5M,4F 1 211
2012 MOLL 0 0 0 0 0 0
2012 INTE 4 89 2 2F 0 49
2012 2012 Total 16 575 12 11 1 300
Total 56 1865 40 331 10 771
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Abstract: Once exceptionally abundant, the Rusty Blackbird (Euphagus carolinus) has declined precip-
itously over at least the last century. The species breeds across the Boreal forest, where it is so thinly
distributed across such remote areas that it is extremely challenging to monitor or research, hindering
informed conservation. As such, we employed a targeted citizen science effort on the species’ winter-
ing grounds in the more (human) populated southeast United States: the Rusty Blackbird Winter
Blitz. Using a MaxEnt machine learning framework, we modeled patterns of occurrence of small,
medium, and large flocks (<20, 20–99, and >99 individuals, respectively) in environmental space
using both Blitz and eBird data. Our primary objective was to determine environmental variables that
best predict Rusty Blackbird occurrence, with emphasis on (1) examining differences in key environ-
mental predictors across flock sizes, (2) testing whether environmental niche breadth decreased with
flock size, and (3) identifying regions with higher predicted occurrence (hotspots). The distribution
of flocks varied across environmental predictors, with average minimum temperature (~2 ◦C for
medium and large flocks) and proportional coverage of floodplain forest having the largest influence
on occurrence. Environmental niche breadth decreased with increasing flock size, suggesting an
increasingly restrictive range of environmental conditions capable of supporting larger flocks. We
identified large hotspots in floodplain forests in the Lower Mississippi Alluvial Valley, the South
Atlantic Coastal Plain, and the Black Belt Prairie.

Keywords: Black Belt Prairie; citizen science; conservation; machine learning; niche modeling; group
size; habitat use; species distribution models

1. Introduction

The Rusty Blackbird (Euphagus carolinus) is a Nearctic icterid that exhibits near exclu-
sive reliance on forested wetland habitats in boreal, transitional and deciduous biomes
throughout its annual cycle [1–3]. The species is among the most steadily and precipitously
declining temperate North American landbirds, [4–6] and is recognized as “Vulnerable”
by the International Union for the Conservation of Nature. There is some anecdotal
evidence that factors in boreal breeding regions of northeast North America may be lim-
iting the population (timber management and nest success: [7]; mercury: [8]). However,
demographic rates for Rusty Blackbirds across the Boreal are similar to those of other
songbirds [1]), suggesting that the overall population is likely limited by factors outside
the breeding grounds.

Diversity 2021, 13, 62. https://doi.org/10.3390/d13020062 https://www.mdpi.com/journal/diversity
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Specifically, habitat modification on the species’ wintering grounds has been impli-
cated as a likely driver of the decline [5,9], stressing the importance of studying this period
of the species’ life cycle. Further, population monitoring and broad assessments of habitat
selection across the boreal breeding range are extremely challenging given the general
remoteness and the very low density of roads, humans, and Rusty Blackbirds themselves.
The Breeding Bird Survey, for example, detects so few Rusty Blackbirds that with the
exception of more developed parts of Alaska it is not possible to use these data to monitor
population trends. All of these factors coupled with the species’ considerably more social
(flocking) nature on the wintering grounds and the high densities of citizen scientists
(birders) in the southeast United States point to the advantages of studying the species
during winter. The wintering grounds are not without their challenges, however; diffuse
and localized distribution, nomadism, and difficulty in accessing often ephemeral wetland
habitats constrain our ability to dependably study wintering Rusty Blackbirds [9]. Conven-
tional means of investigation, such as use of mark-recapture (e.g., to evaluate survival as
a function of winter habitat metrics), may not be viable due to high vagility and low site
fidelity between years (e.g., [10,11].

Once reported in wintering flocks numbering tens of thousands [4], Rusty Blackbirds
are now occasionally observed in flocks approaching a few thousand individuals, with
much smaller groups being more common [12,13]. Still, flocking behavior in Rusty Black-
birds may provide a proximate cue allowing researchers to identify and characterize winter
habitat (e.g., key sites, condition, relative quality or suitability for foraging). Foraging
theory predicts that abundance and distribution of food resources influence group size,
with more resource rich environments favorable to flocks of larger size (sensu [14–18]).
Relationships between group size and resource availability have been shown in a wide va-
riety of taxa, including primates (e.g., Lemur catta [19]), fish (e.g., Fundulus diaphanous [20]),
and birds (e.g., Junco phaeonotus [21]). Where food resources are less available, interference
competition can moderate flock size as individuals seek to optimize foraging efficiency
beyond the confines of competitive groups [15]. Demographic studies in a number of bird
species support that the size of conspecific aggregations is positively associated with higher
quality habitats [22,23].

Because flock size is expected to vary as a function of habitat quality or compatibility,
evaluating environmental features associated with flocks of different sizes may provide ev-
idence for conditions and locations most favorable for greater numbers of wintering Rusty
Blackbirds. Assessing distributions in environmental space, as opposed to geographic
space, is necessary for the species as wintering individuals often travel long distances across
the landscape, and thus site level habitat characteristics have not consistently predicted
occupancy [2]. An understanding of such relationships could offer immediate relevance in
informing conservation programs and facilitating further research and monitoring support-
ing full annual cycle stewardship of this species, as well as yield new insights regarding
niche dynamics in flocks of different sizes.

Here, we evaluate the relationships of climatic and landcover attributes in predicting
the occurrence of Rusty Blackbirds across their wintering range and ask whether these
relationships vary with flock size. Previous studies have observed that, at local scales, large
flocks of Rusty Blackbirds are constrained to a narrow set of environmental conditions and
geographic areas, whereas smaller flocks are comparatively widespread (e.g., [12,24,25]).
We sought to quantify these observations at the spatial extent of winter range of the species,
predicting that (1) large flocks of Rusty Blackbirds (>100 observed individuals) occupy a
different environmental niche than small or medium flocks (<20, 20–99, respectively) and
(2) large flocks occupy a narrower environmental niche breadth than small or medium
flocks [26]. We define niche breadth as the multidimensional range of specific biotic
and abiotic conditions that a group of organisms occupies [27–29]. We used occurrence
data from two citizen science programs, the Rusty Blackbird Winter Blitz (Blitz; http:
//rustyblackbird.org/outreach/migration-blitz/) and eBird [30], to test these predictions
by modeling the distributions of Rusty Blackbird flock size classes in environmental space.
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In a closely related project, we performed a three-year “Spring Blitz” for migrating Rusty
Blackbirds, but those results are addressed elsewhere [31]. We compared biotic and abiotic
attributes that best predicted occurrences of flock size classes and evaluated differences
in environmental niche breadth among classes. We suggest focal regions for wintering
Rusty Blackbirds (hotspots), defined as regions with higher predicted occurrence, and
discuss implications to future research and conservation. Finally, given the proliferation of
citizen science monitoring projects, we evaluated whether the Blitz, a targeted volunteer
effort requiring considerable investment and coordination, yielded observational data
that improved predictive strength of relationships relative to use of comparable eBird
data alone.

2. Methods

We used a maximum entropy (MaxEnt) modeling approach to examine habitat suitabil-
ity across flock size classes and observational methods. In species distribution modeling,
habitat suitability is defined as the likelihood of occurrence of a species in association with
environmental variables ([32], but see [33]). MaxEnt is a machine-learning method that
compares occurrence data with that of background samples in environmental space (see
Supplementary File S1 1.1; [34]). In this context, training samples represent subsets of
locations in which Rusty Blackbirds were observed. Background samples represent subsets
of locations that were sampled but no Rusty Blackbirds were observed.

We used Rusty Blackbird observations submitted from the Blitz, as well as those col-
lected through traditional eBird [30] protocols. The Blitz was a coordinated effort among cit-
izen scientists to search for Rusty Blackbirds across the species’ wintering range by conduct-
ing traveling counts of 8 km or less during target dates of 1 January–28 February 2009–2011.
Blitz observations were submitted using a special eBird portal (https://ebird.org/home)
and recorded date, location, species, numbers, effort and other attributes (see [35]). To
supplement Blitz data, we used traditional eBird checklists that reported Rusty Blackbirds
on traveling counts conducted in 2009–2011 during corresponding Blitz periods [30]. We
considered each eBird and Blitz checklist as an independent observation, omitting dupli-
cates (i.e., observations submitted by multiple persons). We georeferenced observation
locations with a 4-km resolution raster grid (see below). To avoid pseudoreplication, if a
grid cell contained >1 independent observation we retained only the observation recording
the highest Rusty Blackbird count.

We classified Rusty Blackbird observations by flock size (small: <20; medium: 20–99;
large: >99 individuals), and sampling protocol (Blitz or eBird). Flock size classes were
determined by the frequency of observations of a given number of individuals and approx-
imate the lower (small flocks) and upper (large flocks) quantiles of observations within the
combined pool of eBird and Blitz samples. While we use the term “flock” to designate the
number of birds observed, both Blitz and traditional eBird observations were reported as
traveling counts. Thus, it is possible that in some cases, aggregates designated as “large
flocks” may be comprised of several small or medium-sized true flocks.

Given that flocks aggregate in common roosts at night and may be observed traveling
in smaller groups during the day, we examined whether the time of observation biased our
results. We determined the time of observation for each checklist used in our analysis (i.e.,
the maximum observed Rusty Blackbirds within a given raster cell). All time values were
standardized to Coordinated Universal Time as a function of their geographic coordinates.
Given that day length varies by geographic location and over the two-month period of this
study, we used the R package activity [36] to transform the times of observation to solar
times, which are defined here as radian time values relative to civil sunrise times for a given
date and location [37,38]. We then fit Von Mises circular kernel density distributions to
detections within each flock size class [36]. Following Ridout and Linkie [39], we calculated
the degree of overlap (Δ̂4) between fitted distributions and used randomization (with
replacement; n = 10,000 iterations) to test the null hypothesis that detections come for the
same distribution (α = 0.05). For each of the flock size class pairs, we failed to reject the

131



Diversity 2021, 13, 62

null hypothesis (File S1), providing supportive evidence that the time of day in which an
observation occurred was unlikely to introduce bias into our results.

A limitation to occurrence-only modeling methods such as MaxEnt is that occurrence
data, especially data collected opportunistically, are often biased toward areas of higher
sampling effort (e.g., as a function of accessibility, convenience, or availability of human
observers; see [40]. This confounds inferences regarding distribution, habitat use and
environmental niche, and may cause inflated measures of model performance [41,42]. To
mitigate this potential bias in our models, we generated background data by summarizing
eBird checklists (2009–2011; n = 13,218 checklists) across each 4 km grid cell. In doing
so, this method assumes that the sampling bias associated with checklists observing
Rusty Blackbirds is similar to that of eBird checklists where Rusty Blackbirds were not
observed [43,44]. By using random eBird sampling locations as background points, rather
than random locations from the entire study extent, we were able to construct models that
evaluate the occurrence of Rusty Blackbird observations in environmental space relative
to points on the landscape presumed to be representative of any geographic biases in
our Rusty Blackbird observations (see [45]). Additionally, we limited background point
selection, and thus the extent of our distribution models [46], to the geographic extent that
contained 99% of Rusty Blackbird observations, which corresponded to the land area of the
Eastern United States, bounded in the west at a longitude of −100◦.

We constructed models with up to 14 environmental covariates to predict Rusty
Blackbird habitat suitability, including two climatic and 12 land cover covariates (see
Table S1). We used the raster package in Program R [47,48] for all environmental layer
processing. We obtained mean precipitation and minimum temperature data for the
months of January and February 2009–2011 (4-km resolution, [49]). Though there was
considerable annual variation in average minimum temperature and precipitation within
our study area, small annual sample sizes of Rusty Blackbird observations necessitated
averaging these covariates across the three winters. We obtained 30-m-resolution land
cover data from the US Gap Analysis project [50] and reclassified Gap classes into the
following 12 categories: floodplain forest, hardwood forest, plantation hardwood forest,
upland forest, mixed forest, woodland, shrub, wetland, grassland, pasture, row crops, and
developed land (Figure 1, Table S1). We calculated the mean proportional cover of each
category within a 4 km resolution raster grid. This spatial scale is roughly equivalent to
winter home range sizes observed for Rusty Blackbirds [12]. The values of all environmental
variables were extracted to the spatial locations of Rusty Blackbird observations and eBird
background samples.

Models were constructed using MaxEnt 3.3.3 [34] and implemented in the R package
dismo [51]. We randomly partitioned observations into five replicates (k-fold partitioning
with cross-validation), with 80% of observations for each replicate used to fit the MaxEnt
model (i.e., training samples) and the remaining 20% of the observations held aside to
evaluate model performance (i.e., test samples). To minimize the number of features used
in model construction and maximize the interpretability of individual covariate effects,
we used linear feature constraints of environmental covariates in model construction [52].
However, because Rusty Blackbirds may exhibit a non-linear distribution in response to
minimum winter temperatures, we included a quadratic form of the minimum temperature
model covariate. To limit model over-fitting, we calibrated models by selecting the most
parsimonious models for each flock size class (see Supplementary File S1 1.2).
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Figure 1. Processing steps from classified land cover layer to distribution modeling.

3. Model Evaluation

We evaluated model performance by comparing model sensitivity (the true positive
rate—the proportion of correctly identified samples at a given threshold of habitat suit-
ability) and specificity (the false positive rate—the proportional predicted area for the
model) for each flock size class and observational method. To do so, we assessed the area
under the receiver operator curve (AUC) for test samples. AUC describes the sensitivity
and specificity of a model at a given threshold of suitability and represents how well the
model predicts the Rusty Blackbird observations (see Figure 2). AUC values of 0.5 rep-
resent equivalent model performance relative to random, 0.5–0.6 “poor” performance,
0.6–0.7 “fair” performance, 0.7–0.8 “good” performance, 0.8–0.9 “very good” performance,
and 0.9–1.0 “excellent” model performance [53,54]. We tested whether the predictive ca-
pacity of models varied by flock size by comparing training AUC across folds for a given
flock size class against a null distribution developed by permuting two flock size classes
(i.e., suitability models developed by shuffling large and small flock observations). To
determine whether Blitz data improved model performance, we compared observed AUC
against a null distribution developed by randomizing eBird and Blitz samples.

Figure 2. Habitat suitability estimates for small, medium, and large flocks of Rusty Blackbirds (<20, 20–99, and >99 indi-
viduals, respectively). Across all flock size classes, maps suggest focal wintering regions within the Lower Mississippi
Alluvial Valley, Black Belt Prairie, and South Atlantic Coastal Plain. These are also available in Supplementary File S2 as
spatially-referenced kmz files suitable for Google Earth.

133



Diversity 2021, 13, 62

4. Influence of Environmental Variables

To determine which environmental variables best predict Rusty Blackbird occurrence
for each flock size class, we compared the influence of variable inclusion or removal on
model performance. The coefficient for each variable (λ) describes the influence of that
variable on suitability estimates, with positive values representing enhanced suitability
and negative values representing lower suitability. To determine contribution of a variable
to model fit, we evaluated jackknife estimates of the increase and decrease in AUC with the
inclusion and removal of a given variable, averaged across replicate runs [55]. Additionally,
we examined the difference in the occurrence of environmental covariates between flock
sizes, observation protocols, and background data by permuting covariate values between
classes. We compared empirical and null distributions of each environmental variable with
a one-tailed test of the null hypothesis that the distributions are not statistically different
(α = 0.05) using the R package permute (n = 10,000, [56]).

5. Difference in Environmental Niche by Flock Size

To assess differences in Rusty Blackbird environmental niche breadth among flock
size classes, we evaluated the predicted niche breadth using ENMTools [57]. This metric
follows Levins’ [29] definition of niche breadth, which describes the degree of uniformity of
resource states within a distribution of individuals. Niche breadth is standardized to range
between 0 and 1, where 0 represents a habitat specialist and 1 represents a habitat generalist.
To evaluate our prediction that niche breadth will vary by flock size, we compared the
empirical niche breadth metric for each size class with species distribution maps developed
by permuting flock size class assignments. We further explored Rusty Blackbird use of
niche space by assessing model prevalence, which is the MaxEnt estimate of the average
probability of presence at background sites [58], and fractional predicted area of suitable
habitat. We calculated fractional predicted area at the logistic threshold of equal model
sensitivity and specificity. We statistically evaluated differences in prevalence and fractional
predicted area between flock size classes by comparing the observed values for a given
flock with a null distribution developed by permuting flock size class labels (α = 0.05).

To test whether realized ecological niches differed among flock size classes, we evalu-
ated the suitability distributions using niche equivalency analysis and assessed the distri-
bution of samples across individual environmental variables. Niche equivalency between
flock size classes was determined by calculating the degree of similarity (modified Hellinger
distances, I) between habitat suitability maps [59] and implemented in the R package phylo-
clim [60]. I ranges in value from 0, in which there is no overlap in the environmental niche
between classes, to 1, in which the two classes have identical distributions [59]. We com-
pared observed similarity against a null distribution developed by randomly permuting
flock class labels (n = 99 permutations). We assessed statistical significance (α = 0.05) by
comparing the observed and null distributions, with a one-tailed test of the null hypothesis
that environmental niche models are equivalent. We compared the observed distributions
of flock size classes of Rusty Blackbirds for each environmental variable using two-tail
Kolmogorov–Smirnov tests of the null hypothesis that samples were drawn from the
same distribution.

6. Results

The Blitz produced 678 independent checklists east of −100◦ longitude. eBird pro-
vided an additional 1429 traditional checklists with Rusty Blackbird observations corre-
sponding to the same area and time periods. Limiting checklists to one per 4-km raster
grid cell resulted in 495 Blitz and 714 traditional eBird checklists (Table 1). Predicted
suitability maps (Figure 2) across all flock size classes suggested hotspots within the Lower
Mississippi Alluvial Valley (LMAV), Black Belt Prairie (BBP), and South Atlantic Coastal
Plain (SACP). For small flocks, there were additional broad areas of moderately high to
high predicted suitability, whereas for large flocks the extent of high predicted suitability
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was more clearly limited to the aforementioned areas albeit much more restricted within
the LMAV.

Table 1. Number of checklists used in this analysis by flock size class and observation method. The
sample size reflects the number of samples used after subsetting samples to one observation per
raster grid cell.

Sampling Method
Flock Size Class

Small (1–19) Medium (20–99) Large (>99) Total

Blitz 281 128 86 495
eBird 387 234 93 714

Total 668 362 179 1209

7. Model Performance and Environmental Correlates by Flock Size

Model performance increased with flock size, with fair performance for small flocks
(AUC: 73.7 across samples) and good performance for medium and large flocks (AUCs
83.2 and 88.0 across samples, respectively; Figure 3B). Compared to models using eBird data
alone, models augmented with Blitz data showed improved performance for medium and
large flocks as suggested by higher AUC values (0.73 ± 0.01 and 0.72 ± 0.01 vs. 0.83 ± 0.02
and 0.88 ± 0.02, respectively; Figure 3B).

Figure 3. Receiver operator curves (A) and Area Under the curve (AUC; B) for small, medium, and large flocks of Rusty
Blackbirds using Blitz data, eBird data alone, or Blitz and eBird data (“combined”). Solid lines (A) represent receiver
operator curves for replicate runs across sampling methods and flock size classes. AUC values of 0.5 represent equivalent
MaxEnt model performance relative to random, 0.5–0.6 “poor” performance, 0.6–0.7 “fair”, 0.7–0.8 “good”, 0.8–0.9 “very
good”, and 0.9–1.0 “excellent”.

Among the environmental covariates, average minimum temperature most strongly
predicted habitat suitability, contributing >60% of the models’ predictive capacity for each
flock size class (Figures 4 and 5A). Larger flock sizes were associated with higher average
minimum temperatures (small: −1.74 ◦C, 95% CI [−1.74, −1.56]; medium: −0.40 ◦C, CI
[−0.52, −0.27]; large: 0.05 ◦C, CI [−0.09, 0.19]), with peak densities of small, medium
and large flocks occurring at −3.81, 1.91, and 1.92 ◦C, respectively (Figure 5A). Average
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minimum temperatures associated with the species’ occurrence were considerably higher
than that of background points (−3.59 ◦C, CI [−3.62, −3.56]).

Figure 4. The relative contribution of environmental covariates to predicted Rusty Blackbird occur-
rence. Variables are subset to those with the greatest explanatory power, with the bar graph on the
right excluding minimum temperature (i.e., showing landcover variables only). Legend symbols
(+,−) represent whether Rusty Blackbirds were positively or negatively associated with the variable.
Rusty Blackbird observations peaked at intermediate minimum temperatures, and is thus denoted
with +/−. For a complete list of variable contributions, see Table S1.

Figure 5. The gaussian kernel density distributions of average minimum temperature and floodplain forest (A,B) at
occurrence points for each flock size class. Plot (C) describes the proportional density distribution of floodplain forest,
which is the ratio of the kernel density of observations relative to that of the background points.

Among land cover covariates (Figures 4 and 5, Table 2), proportion of floodplain forest
had the greatest influence on predicted habitat suitability. The variable contribution of
floodplain forest to large flock distributions was nearly twice as that of small and medium
flocks. Other landcover variables that contributed to predicted habitat suitability across all
flock size classes were proportion of row crops and pasture, both of which were positive
influences (Table 2). Proportion of highly developed land was negatively associated with
large flock distributions but was not predictive of small or medium-sized flocks. Likewise,
woodland and shrub land cover classes were negatively associated with small and medium-
sized flocks but were not predictive of large flocks. Surprisingly, the data provided only
limited support for a positive association between habitat suitability and non-floodplain
wetlands, with emergent wetlands only associated with medium-sized flock distributions
and wooded wetlands for only small flocks.
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Table 2. Land cover variable coefficients (λ) and contribution of each variable to model performance and small, medium,
and large flocks. Variables represent the proportional cover of the land use category within a 4 km grid cell. Empty
cells represent variables that were excluded from the candidate model sets due to lack of statistical support, as evaluated
with AICc.

Land Cover Variable

Variable Coefficient (λ) Variable Contribution (%)
Flock Size Flock Size

Small Medium Large Small Medium Large

Highly developed −0.83 1.2

Low-intensity development 1.17 1.41 1.3 1.1

Floodplain 1.84 2.44 3.33 14.9 14.1 26.4

Mixed forest 2.33 2.9

Pasture 0.70 1.58 1.47 2.1 3.3 1.6

Row crop 1.09 1.93 2.08 5.9 4.9 3.3

Shrub −3.26 −2.29 3.7 1.1

Emergent wetand 2.50 1.5

Woody Wetland 1.63 2.9

Woodland −1.73 −1.64 1.9 1.3

8. Environmental Niche

Niche breadth decreased with increasing flock size. Predicted niche breadth for small
flocks was 0.67, medium flocks were 0.47, and large flocks 0.37. Prevalence (i.e., average
probability of presence at background sites) was inversely associated with flock size, with
small, medium, and large flocks having predicted prevalence values of, 0.44, 0.28, and
0.20, respectively. The observed prevalence for large flocks was significantly lower than
that of small flocks (p < 0.001) but statistically indistinguishable from medium-sized flocks
(p = 0.773). Observed prevalence for medium flocks was significantly lower than that of
small flocks (p = 0.005). Likewise, the fractional predicted area of suitable habitat increased
with flock size, ranging from 33 percent for small flocks, 24 percent for medium-sized
flocks, and 20 percent for large flocks. Fractional predicted area of suitable habitat was
significantly lower for large and medium-sized flocks relative to small flocks (p < 0.001)
but was statistically indistinguishable for large and medium flocks (p = 0.72).

The three flock size classes occupied similar but statistically distinct realized envi-
ronmental niches. Across niche axes, we found significant differences between the small
flock size class and the medium (i = 0.939, p < 0.001) and large flock size classes (i = 0.906,
p < 0.001) but only marginal differences between the medium and large flock size classes
(i = 0.979, p = 0.102). Among individual environmental variables, we found strong evidence
of differences between the distribution of samples across flock size classes, most notably
regarding the distribution about minimum temperatures and floodplain forests (Table 3).
Whereas the modes of the temperature distributions for all three flock size classes were
similar, medium and large flocks were observed in a narrower range of temperatures than
small flocks (Figure 5B). Likewise, while all flock size classes were positively associated
with floodplain forest (Figure 5B), the degree of association to floodplain forest increased
with flock size (Figure 5C).
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Table 3. The difference (D) in the distribution of each environmental covariate between Rusty Blackbird flock size classes.
p-values below 0.05, in bold, suggest that the flocks occupy a different environmental space.

Environmental Variable
Small vs. Medium Flocks Small vs. Large Flocks Medium vs. Large Flocks

D p-Value D p-Value D p-Value

High-intensity dev. 0.058 0.197 0.084 0.164 0.066 0.573
Low-intensity dev. 0.053 0.324 0.057 0.623 0.360 0.993
Floodplain forest 0.112 <0.001 0.208 <0.001 0.139 0.001
Hardwood forest 0.096 0.005 0.045 0.866 0.113 0.055

Mixed forest 0.024 0.994 0.099 0.064 0.096 0.153
Grassland 0.117 <0.001 0.084 0.164 0.079 0.338

Pasture 0.046 0.489 0.055 0.663 0.062 0.651
Row crop 0.036 0.788 0.098 0.066 0.096 0.146

Shrub 0.028 0.956 0.014 0.002 0.141 0.007
Upland forest 0.046 0.489 0.022 1.000 0.050 0.873

Emergent wetland 0.034 0.836 0.099 0.065 0.0696 0.516
Woody wetland 0.061 0.183 0.116 0.018 0.087 0.240

Woodland 0.010 0.003 0.139 0.002 0.040 0.979
Precipitation 0.088 0.013 0.153 0.001 0.093 0.179

Minimum temperature 0.170 <0.001 0.271 <0.001 0.112 0.030

9. Discussion

We used novel targeted citizen science data from the Blitz and eBird to identify and
describe suitable habitat for a widespread, highly vagile, and declining species, the Rusty
Blackbird. Across two winters, occurrence was most strongly linked to minimum tempera-
tures and the proportion of floodplain forest in the surrounding landscape. Although all
flock sizes were associated with proportion of floodplain forest, pasture, and row crops,
and the convex quadratic effect of average minimum temperature, we found considerable
differences among flock size distributions. Predictably, large and medium-sized flocks
were more similar in their environmental distributions relative to small flocks. Large and
medium flocks had narrower environmental niches than small flocks, showing a greater
preference for floodplain forest. We identified Rusty Blackbird hotspots in the LMAV,
the Black Belt region of Alabama and Mississippi and the Southeast Coastal Plain. The
Blitz was ultimately successful: adding Blitz data to eBird data significantly increased our
predictive power.

10. Environmental Predictors of Occurrence

Rusty Blackbirds exhibited a strong association with floodplain forest, with the degree
of influence of this variable positively associated with flock size (Table 3, Figure 5). Given
that floodplain forest is expected to represent optimal foraging habitat for Rusty Blackbirds,
this provides supportive evidence that large flocks are representative of higher quality habi-
tats as a consequence of coarse-level local enhancement (e.g., [22,23]). Winter floodplains
in the southeastern United States historically provided vast areas of shallow water crucial
for migratory birds [61]. These environments, which represent seasonally flooded forested
habitats, provide an abundance of invertebrates for Rusty Blackbirds, which spend much
of the winter foraging in, or adjacent to, shallow water [1,62]. In the southeastern United
States, floodplain forests have experienced extraordinary rates of direct landscape modifi-
cation, historically due primarily to agricultural conversion and more recently as a result of
urban development [9,61,63,64]. Moreover, hydrologic alteration has greatly reduced the
extent and integrity of floodplain wetlands throughout the region [65]. Combined, these
pressures have resulted in a 75–85% loss of the historic extent of floodplain forests in the
Southeast [66,67] and the remnant patches of this habitat are highly fragmented [68,69].
Within our study extent, the LMAV hosts the largest area of floodplain forest and this
region yielded the highest predicted habitat suitability for Rusty Blackbirds across flock
size classes (Figure 2). Christmas Bird Count data suggest that the LMAV, considered to
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be the core of the species’ range, has experienced the steepest population declines and
thus, maintenance of floodplain forests in this region is likely critical for Rusty Blackbird
conservation [70].

Surprisingly, neither emergent nor woody wetlands had substantial influence on
habitat suitability for Rusty Blackbirds. Although these land cover classes appear to provide
important habitat features for the species [71], they may have been underrepresented by
Blitz and eBird samples. Our ability to detect an influence of these land cover classes may
have also been limited by the coarse spatial grain of our analysis. For example, though
Rusty Blackbirds often forage on wet lawns in suburban areas [25] it would not be feasible
to detect these habitat features at our scale of analysis, especially when using traveling
count data. Sampling constraints also limited our ability to assess the effects of pecan
orchards on Rusty Blackbird occurrences. Lipid-rich tree mast from pecan orchards may
help the birds prepare for cold weather events [25], and wintering individuals that utilized
pecan groves in Mississippi (mostly adult males), were in better body condition than those
in wet forest or along creeks [24]. Despite the expected importance of this anthropogenic
resource, there was not adequate representation of this land cover class in background nor
Rusty Blackbird samples to include the variable in our analysis.

The influence of human land use on habitat suitability varied with flock size. Large
flocks, unlike medium or small flocks, were negatively associated with high intensity
development; i.e., when the proportional cover of high intensity development exceeded
70%, the probability of encountering a large flock approached zero. These results are con-
sistent with those of Mettke-Hofmann et al. [24], Newell [10], and Newell Wohner et al. [25]
who observed that smaller groups of Rusty Blackbirds can use certain agricultural and
suburban areas, taking advantage of abundant pecans and earthworms, respectively. The
species’ positive (though relatively weak) association with pasture and row crops is more
puzzling, as it is not generally associated with these habitats (pecans are not classified
as a row crop; [1]). It is possible that the low-lying, nutrient-rich floodplain landscapes
that the species favors also make good croplands and pasture for farmers, and as such,
both floodplain forest that Rusty Blackbirds presumably prefer, and that these agricultural
habitats were often included in the 4-km grid cells we employed. Combined, our findings
suggest that, though suburban and agricultural areas appear to offer resources for smaller
groups of Rusty Blackbirds, larger tracts of floodplain forest will have to be maintained to
support the persistence of large flocks.

Average minimum temperature was the most important variable driving habitat
suitability for all flock sizes, with medium and large flocks predicted to occur at higher
temperatures than small flocks. Habitat suitability estimates for medium and large flocks
peaked where minimum mean temperatures occurred at means slightly higher than the
freezing point of water: 1.91 ◦C and 1.92 ◦C, respectively. Suitability estimates for small
flocks peaked at −3.8 ◦C—nearly 6 ◦C less than medium and large flocks. The warmer
temperatures associated with medium and large flocks likely reflect the foraging behavior
of Rusty Blackbirds, which spend much of their time wading in shallow water searching for
aquatic prey [1]. Shallow water tends to freeze before deeper water, which would quickly
prohibit birds from foraging in the substrate, making aquatic prey unavailable. Moreover,
wetland invertebrate abundance is positively associated with water temperature [72–74].
Conversely, the colder temperatures associated with small flocks may represent marginal
habitats in which birds utilize terrestrial resources in freezing temperatures (see [24,25]).

Because temperatures were averaged across years of the study, we were unable to
assess the annual occurrences of Rusty Blackbirds. The species varies widely in its win-
tering distribution [9] and site fidelity [10], most likely because of differences in winter
temperatures and water levels across years. Rusty Blackbirds’ association with temper-
atures just above freezing supports our theory that the species, which is a facultative
migrant not tightly linked to day length [1], migrates south from the Boreal forest to avoid
freezing water. Birds may then spend many weeks in the northern United States during
stopover periods in fall [75,76], only to move south again when frozen foraging habitat
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pushes them further. Future work should assess whether carryover effects due to variable
wintering conditions impact the birds across their full annual cycle [77,78], including on
their breeding grounds in the Boreal forest.

11. Larger Flocks Have a Narrower Niche Breadth

We found strong evidence that large and medium flocks have narrower environmental
niches than small flocks, as measured by Levins’ [29] niche breadth metric and, conse-
quently, prevalence and fractional predicted area of suitable habitat was higher for small
flocks than medium and large flock size classes. Whereas such differences in niche breadth
have been observed across a variety of taxa using environmental niche modeling (e.g., [79]),
this represents among precious few examples of the relationship between flock size and
niche [26]. This pattern is abundantly clear across large scales, as small flocks have a much
broader geographic range of suitable habitat than large and medium flocks. Conversely, the
area of suitable habitat (Figure 2) for large flocks is much smaller and is largely constrained
within the center of the species range. Again, this highlights the relative vulnerability
of larger flocks of Rusty Blackbirds and the relative flexibility of smaller flocks. Small
flocks may be able to persist in heterogenous landscapes with small patches of ephemeral
resources (e.g., fruiting pecan orchards, lawns with surfacing earthworms), whereas larger
flocks may be limited to the highest quality habitats. Future studies (e.g., using tracking
technology) should examine space use of large vs. small flocks to understand how medium
(i.e., <4 km) and small-scale habitat features affect fitness and niche space.

The use of flock size herein to approximate habitat quality represents a limitation to
the inference of our results. Blitz and traditional eBird observations were traveling counts,
thus in some instances, birds observed on a given count could have comprised one or
several true flocks. As such, it was not technically possible to distinguish between a single
large flock or a higher density of smaller flocks; however, given our own observations of the
species (e.g., [12]), we believe the vast majority of the counts probably represented single
flocks, so we are comfortable interpreting results based on this assumption. Moreover,
traveling counts limit the spatial grain of the analysis, as counts may occur at any point
along the observer’s route. To address this, we highly recommend the use of stationary
count data to allow for assessing the distribution of flocks as it relates to land cover
data (e.g., evaluating resource dispersion hypothesis as described by [80]). Even without
these limitations, density itself is not a clear indicator of habitat quality [11,81]. Further
research (e.g., survival) is therefore needed to confirm that large flocks are representative of
environments of higher quality habitat [33]. Sex or age-related segregation of the observed
flocks may provide additional evidence of habitat quality [82]. Dominance hierarchies can
indicate habitat quality in a number of bird species (e.g., the American Redstart, Setophaga
ruticilla, [83]). For example, in Rusty Blackbirds, Mettke-Hofmann et al. [24] observed that
adult males maintained a higher body condition and occupied habitats with higher pecan
mast production than females and immature birds. Unfortunately, age and sex data from
the Blitz were not adequate to address this issue in the current study.

Ultimately, a demographic response, most appropriately overwinter survival, is nec-
essary to truly ascertain whether flock size is an appropriate indication of winter habitat
quality for Rusty Blackbirds [84]. In particular, despite some location-specific evidence hint-
ing at population limitation on the breeding grounds in the Boreal forest [7,8], a full-annual
cycle population model suggests that wintering juvenile survival is the demographic pa-
rameter most tied to the species’ rate of population change (Clark Rushing, Steve Matsuoka,
Luke L. Powell et al. unpublished analysis). Whereas estimating overwinter survival may
be very challenging given the species’ low site fidelity, alternative proximate habitat quality
metrics that can be utilized in combination for Rusty Blackbird flocks include but are not
limited to: departure time (e.g., [85]), body condition (e.g., [86,87], but see [84,88]), and
telomere length (e.g., [89]).
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12. Regional Hotspots and Conservation

The LMAV was a particularly suitable area for all flock sizes (Figure 2, [5]). Though we
also found a broad swath across the southeast coastal plain that was generally suitable, with
small hotspots in north coastal South Carolina [25], the majority of the East Coast of the
United States appears less suitable than the LMAV. Stable isotope data [90] and light level
geolocators [75] indicate that Rusty Blackbirds wintering in the LMAV primarily migrate
to Alaska and western Canada—the Western Boreal—whereas those from the southeast
coastal plain breed in northeast North America—the Southeastern Boreal. It remains
unclear whether flock sizes in the southeast coastal plain are constrained by anthropogenic
disturbance or if it is the quality and extent of floodplain forests of the LMAV that leads to
larger flock sizes in that region.

A novel finding from our study was the emergence of the Black Belt region (Ecoregion
65, [91–93]) as a hotspot across all Rusty Blackbird flock size classes. The Black Belt,
which arcs along the boundary of the piedmont and coastal plain in Mississippi and
Alabama, was historically a mosaic of prairie and forested habitat [94]. Whereas most of
the region’s native vegetation was cleared for cotton-based agriculture [94–97], the Black
Belt remains embedded within a vast matrix of floodplain forest. To date, we know of
no Rusty Blackbird research projects within 500 km of the Black Belt—thus, our results
highlight a need for targeted field studies to further qualify the use and importance of this
region to Rusty Blackbirds.

The emergence of the Black Belt region as a hotspot underscores the benefits and
limitations of species distribution modeling. Whereas comparably few eBird and Blitz
samples were recorded within the region, the MaxEnt model, as implemented here, is
carried out in environmental space [52], which allowed us to generate predictions for the
Black Belt as a function of its environmental characteristics [98]. As a cautionary note,
however, this approach is limited in its ability to directly inform conservation efforts,
as it yields information about the type of environment an organism uses rather than
occurrences per se [99]. Moreover, our models are undoubtedly imperfect—for example,
some areas of high predicted suitability for large flocks were of low predicted suitability for
medium-sized flocks (e.g., north-central LMAV). This was likely driven by the difference in
habitat preferences of large vs. medium flocks (e.g., large flocks had higher preference for
floodplain forest, Table 3) as well as by stochasticity in where birds were detected. As such,
we suggest that systematic sampling of predicted Rusty Blackbird hotspots—particularly in
the Black Belt region—is a crucial step towards linking our results with management efforts.

13. Did the Blitz Help Relative to eBird Alone?

The Blitz significantly improved the predictive power of spatial models compared to
using eBird alone (Figure 3), highlighting the value of this novel citizen science approach
to improve understanding of a wide-ranging species of conservation concern. Further, the
addition of the Blitz especially improved our predictive power for large flocks (Figure 3B),
as we effectively doubled the number of large flocks detected (Table 1). This is important,
as it allows us to precisely concentrate targeted studies on sites at which we predict only
the very highest flock sizes of Rusty Blackbirds. We also utilized a somewhat novel way to
address biases associated with modeling eBird data by using background samples from
eBird lists across taxa: our background data were generated with equivalent bias to our
occurrence data. Our comparison of background and occurrence data therefore provides
conservative estimates of Rusty Blackbirds in environmental space. An important caveat to
our Blitz effort is that participants were searching for Rusty Blackbirds in habitats that were
expected to be suitable for the species–this has the potential to bias suitability predictions
towards environments that are pre-determined to be suitable. A preliminary analysis
of our results, however, produced estimates from eBird and Blitz data that were similar,
suggesting that any such bias was nominal. In addition to the quantitative benefits of
the Blitz, it was clear the Blitz raised considerable awareness for the plight of the Rusty
Blackbird (e.g., Audubon magazine, eBird website, conservation partners participating
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in the Blitz, etc.). Given that citizen scientists submitted 678 checklists specifically for the
Blitz, the program was clearly successful in engaging birders with ornithological research
and conservation concerns to which they may not previously have been exposed.

Taken together, the data provided by citizen science participants of the Blitz and
eBird program have enhanced our understanding of the occurrence of this Boreal-breeding
species throughout its wintering areas. Whereas wintering Rusty Blackbirds can be found
across most of the southeastern United States, only a narrow subset of the region was
found to be suitable for large flocks of the species. By targeting these regions for future
research, we can maximize sampling efficiency by searching areas predicted to provide high
quality habitat. Targeted research is crucial given the limitations associated with presence-
only observations. Using the MaxEnt framework, with presence-only data, locations
where birds were not observed (i.e., background data) cannot be treated as true absences
(see [100,101]). This is especially problematic when detection probability varies and cannot
be incorporated into the model [102] and imparts a limitation to how citizen science data
can be used to inform conservation in this context [103]. The use of presence-absence data to
model occupancy (e.g., [2]), can also allow researchers to address temporal variation in the
presence of Rusty Blackbird flocks, which may yield further insight into habitat quality (e.g.,
abundance-occupancy relationships, [104]). Moreover, identifying and counting individual
flocks from fixed points in the landscape and evaluating these observations at multiple
spatial scales would provide researchers with the ability to assess alternative explanations
for flock size distributions, such as the resource dispersion hypothesis (reviewed in [80]).
Future work that utilizes systematic sampling to estimate the geographic distribution of
Rusty Blackbird flocks and assess the relationship between flock size and habitat quality is
therefore a critical next step towards conserving this imperiled species.
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