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Abstract

To recover species at risk, it is necessary to identify habitat critical to their recovery. Chal-
lenges for species with large ranges (thousands of square kilometres) include delineating
management unit boundaries within which habitat use differs from other units, along with
assessing any differences among units in amounts of and threats to habitat over time. We
developed a reproducible framework to support identification of critical habitat for wide-
ranging species at risk. The framework (i) reviews species distribution and life history; (ii)
delineates management units across the range; (iii) evaluates and compares current and (iv)
potential future habitat and population size and (v) prioritizes areas within management
units based on current and future conditions under various scenarios of climate change and
land-use. We used Canada Warbler (Cardellina canadensis) and Wood Thrush (Hylocichla
mustelina) in Canada as case studies. Using geographically weighted regression models
and cluster analysis to measure spatial variation in model coefficients, we found geographic
differences in habitat association only for Canada Warbler. Using other models to predict
current habitat amount for each species in different management units, then future habitat
amount under land use and climate change, we projected that: (1) Canada Warbler popula-
tions would decrease in Alberta but increase in Nova Scotia and (2) Wood Thrush pop-
ulations would increase under most scenarios run in Quebec, New Brunswick and Nova
Scotia, but not in Ontario. By comparing results from future scenarios and spatial prior-
itization exercises, our framework supports identification of critical habitat in ways that
incorporate climate and land-use projections.
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Introduction

Habitat protection is key to the recovery and conservation of species at risk (Taylor et al.
2011; Langpap and Kirkvliet 2012; Geldmann et al. 2013). Identifying and designating
habitat that is necessary for the survival and recovery of species at risk (hereafter “critical
habitat”) is a central component of conservation legislation around the world (e.g., United
States: Endangered Species Act 1973; Australia: Environment Protection and Biodiversity
Conservation Act 1999; Canada: Species at Risk Act (SARA) 2002). In the United States,
critical habitat is defined as: “(1) specific areas within the geographical area occupied by
the species at the time of listing that contain physical or biological features essential to
conservation of the species and that may require special management considerations or
protection and (2) specific areas outside the geographical area occupied by the species if
the agency determines that the area itself is essential for conservation.” In Australia, under
section 207A of the Environment Protection and Biodiversity Conservation Act, the gov-
ernment is authorized to declare critical habitat for species or ecological communities
based on habitat that is: (1) used during periods of stress; (2) used to meet essential life
cycle requirements; (3) used by important populations that are necessary for a species’
long-term survival and recovery; (4) required to maintain genetic diversity and long-term
evolutionary development; (5) required for use as corridors to allow the species to more
freely between sites used to meet essential life cycle requirements; (6) required ensure the
long-term future of the species or ecological community through reintroduction of re-col-
onisation or (7) critical for a species or ecological community in any other way. In Canada,
critical habitat is legally defined as habitat that is: (1) necessary for the survival or recovery
of a listed wildlife species and (2) is identified as such in a recovery strategy or an action
plan for the species (SARA 2002). In the case of migratory species, Canada is legally
obligated to identify critical habitat for the part of the life cycle on Canadian territory,
to ensure there is sufficient habitat to support a recovering population or intended future
population size (SARA 2002). In the European Union, the Habitats Directive is analogous
to federal endangered species laws in Australia, Canada, the United States, and requires
that the Union’s member states each establish protected areas within the continental Natura
2000 network for animal and plant species listed in Annex IV of this directive. These pro-
tected areas are analogous to critical habitat (Habitats Directive 1992).

Assumptions implicit to legal definitions of critical habitat are that: (i) a positive rela-
tionship exists between available habitat and a species’ population size, and (ii) a minimum
habitat amount is required to meet a species’ recovery goals (Rosenfeld and Hatfield 2006).
There is some evidence that habitat protection reduces species declines and/or aids species
recovery (Taylor et al. 2011; Langpap and Kirkvliet 2012; Geldmann et al. 2013). There-
fore, methods to identify critical habitat should evaluate population size, extinction risk,
and/or amount of habitat needed to achieve species’ population and distribution objectives
at different spatial and temporal scales (Rosenfeld and Hatfield 2006; Camaclang et al.
2015). Although habitat loss or degradation has been identified as the most or second-most
important threat to most species at risk (e. g., 85% of species in the United States (Wilcove
et al. 1998); 62% of species on the [UCN Red List (Maxwell et al. 2016) 82% of species at
risk in Canada (Woo-Durand et al. 2020)), few recovery strategies have evaluated relation-
ships between habitat quantity and species abundance, demography or population viability
(Lemieux Lefebvre et al. 2018).

Current approaches to defining critical habitat may underestimate the habitat needed for
recovery, especially for wide-ranging species (e.g., caribou (Rangifer tarandus), migratory
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landbirds) because of spatial variation in data availability, habitat associations and threats
(Camaclang et al. 2015; Crosby et al. 2019). Identification of critical habitat is often based
on where individuals are or were known to occur, and a set of specific habitat character-
istics within a specified area around occurrence locations (species at risk in Canada, the
United States, and Australia (Camaclang et al. 2015); Canadian vertebrate species at risk
(Lemieux Lefebvre et al. 2018)). Key limitations of this approach are that inaccessible
habitats are poorly sampled and thus inadequately represented in species-habitat relation-
ships (Wilgenburg et al. 2020), animals may be observed while passing through unsuitable
habitats (e.g., tigers (Thinley et al. 2021)), habitats may be unoccupied at the time of sam-
pling (Thomas and Kunin 1999) and/or species with low detectability may not be observed
despite being present (Dénes et al. 2015). Species distributions may also be overestimated
if those distributions are based on the extent of occurrence locations, causing vulnerability
of species to extinction to be underestimated (e. g., bird species in southern Africa, Aus-
tralia, and the United States (Jetz et al. 2008)). As a result, identifying critical habitat based
only on known locations of species may underestimate the amount of critical habitat, or
incorrectly identify it (Camaclang et al. 2015, Thinley et al. 2021). Critical habitat should
also not be overestimated, to reduce management costs and maximize the use of available
resources for more species (Martin et al. 2018).

An additional challenge for wide-ranging species is variation in habitat selection across
their ranges (e. g., rodents, Holarctic birds (Miller 1942); snakes (Carfagno and Weather-
head 2006); European birds (Wesolowski and Fuller 2012); caribou/reindeer (Yannic et al.
2016; Webber et al. 2022); boreal forest songbirds (Crosby et al. 2019)), combined with the
reality that habitat protection and management actions are often undertaken at different lev-
els of jurisdiction (international, national, subnational, Indigenous: (Hessami et al. 2021)).
As such, important habitats may need to be identified and managed at scales smaller than
national distributions (Waples 1991; COSEWIC 2020a). Systematically assessing abun-
dance and habitat relationships across multiple management units can address range wide
differences in a species’ habitat requirements, extinction risk, genetic structure, ecological
structure and/or reproductive isolation (e. g., Distinct Population Segments (Waples 1991),
Evolutionarily Significant Units (Crandall et al. 2000), Designatable Units (Green 2005)),
along with differences in habitat use and other ecological aspects of species within individ-
ual jurisdictions. While management units based at least partially on biological evidence
have been defined for some well-studied species based on ecological and genetic data (e.
g., caribou (Yannic et al. 2016)), there remain many challenges and disagreements among
biologists on how to use such data to delineate management units within jurisdictions and
below the species level for many wide-ranging species at risk (Green 2005; Whitehead
et al. 2023).

Identification of critical habitat is also challenged by the dynamic nature of habitat suit-
ability over time as influenced by natural and human disturbance and ecosystem succes-
sion (Stralberg et al. 2015a, b). Climate change is altering these processes and as such,
habitat suitability and amounts of available suitable habitat are changing for many species
(Stralberg et al. 2015a; Taylor et al. 2017; Tremblay et al. 2018; Cadieux et al. 2020; St-
Laurent et al. 2022; Leblond et al. 2022). Temperature increases associated with current
climate change are predicted to increase with latitude, however tropical species, especially
ectotherms, may be more vulnerable to local extinctions related to habitat loss or degra-
dation from climate change, due to a narrower range of thermal tolerances in these spe-
cies relative to those at higher latitudes (Deutsch et al. 2008; Grinder and Wiens 2023)
or due to increases in pathogens (e.g., chytrid fungi infecting amphibians (Pounds et al.
2006)). Some tropical species may adapt by shifting their range towards cooler refugia like

@ Springer



606 Biodiversity and Conservation (2024) 33:603-628

mountains; however, using all extant mammals as an example, distance to the nearest cool
refugium exceeded 1000 km for 20% of tropical species, in contrast to 4% of extratropi-
cal species (Wright et al. 2009). Even within tropical mountainous regions, high-altitude
species are experiencing population declines and range contractions with global warming,
while lowland species are expanding their ranges to higher altitudes (e.g., Australia (Shoo
et al. 2005); India (Adve 2014); New Guinea (Freeman and Freeman 2014); South Amer-
ica (Freeman et al. 2018)). Finally, for many temperate and tropical species, the poleward
edges of their ranges may shift towards higher latitudes, potentially increasing future habi-
tat for them polewards (Parmesan and Yohe 2003; Hickling et al. 2006; Chen et al. 2011).
Thus, methods to identify critical habitat should consider changes in the distribution of
suitable habitats that could occur in the short and long term.

Given the current pace of species loss, declines in suitable habitat, and environmental
change (Powers and Jetz 2019; Rosenberg et al. 2019; Winkler et al. 2021), any delays
associated with lengthy and complicated processes for critical habitat identification are
certain to result in continued exacerbated losses (Martin et al. 2018; Ward et al. 2019).
We build on a conceptual model previously developed for boreal caribou in Canada (Envi-
ronment Canada, 2011) to construct a generalizable modeling framework that can inform
identification of critical habitat for wide-ranging species of conservation concern, both
in the present and under future scenarios. We describe this framework and demonstrate
how the quantitative output of this framework can support decision-making and planning
related to identifying critical habitat or analogous protected areas, in support of species’
population and distribution objectives, using two wide-ranging migratory landbirds in Can-
ada (Canada Warbler [Cardellina canadensis] and Wood Thrush (Hylocichla mustelina))
as case studies.

Methods

Both Canada Warbler and Wood Thrush were assessed by COSEWIC as Threatened
(COSEWIC 2008, 2012) and both are listed as Threatened on Schedule 1 of the Species
at Risk Act in Canada as of October 2023 (https://www.sararegistry.gc.ca/species/sched
ules_e.cfm?id=1), although Canada Warbler was recently reassessed as of Special Concern
(COSEWIC 2020b). Both species have broad distributions encompassing many different
habitats and are exposed to a variety of natural and anthropogenic stressors. Thus, both are
suitable to illustrate a framework for delineating critical habitat for wide-ranging bird spe-
cies in Canada. The framework encompasses five steps (Fig. 1).

Step 1 Review distribution and life history characteristics

Understanding basic habitat associations across the species’ distribution and life stages is
a priority (Rosenfeld and Hatfield 2006) and is required to identify environmental vari-
ables and spatial data for population modeling. Information about life history, habitat asso-
ciations, conservation status and distribution can be assembled from a range of sources
including scientific and gray literature as well as expert opinion. For understudied and/or
culturally important species, best practice would involve establishing an advisory commit-
tee to consolidate expert opinions (e.g., of species biologists, Indigenous and other knowl-
edge-holders, conservation practitioners); otherwise, decisions and input could potentially
be limited to 1-2 people. All available location data for the species should be assembled,
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Test for spatial variation in habitat selection
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J

Spatial delineation of critical habitat
Fig. 1 Analytical framework to inform the identification of critical habitat for wide-ranging species at risk

integrated, and compared with the known distributional range to assess the degree to which
the available data are likely to represent the entire geographic range and to identify areas
where the data and analyses should extend beyond the known range.

Step 2 Delineate management units

Delineating management units fulfills multiple purposes in the identification and imple-
mentation of critical habitat, including: (i) defining the scale and extent of analysis; (ii)
representing differential habitat associations or needs across a species’ range (i.e., niche
separation), (iii) reflecting geographic inconsistencies in environmental data (e.g., forest
classifications) and (iv) representing variation in species’ and habitat management amongst
jurisdictions. Management unit boundaries may vary with or within jurisdictions and may
also be defined based on ecological data using a number of methods (COSEWIC 2020a),
but some of these (e.g., genetic markers, morphological measurements) may only be avail-
able for well-studied species (e.g., caribou). For less well-studied species, species distribu-
tion models (hereafter, ‘SDMs’) based on surveys of unmarked animals may be used. In
SDMs, a species metric (e. g., occupancy, relative abundance, or density) is related to a
suite of environmental variables to elucidate habitat associations and predict species dis-
tribution. The choice of SDM approach depends on the survey data available (Elith and
Leathwick 2009; Dénes et al. 2015; Fois et al. 2018). If abundances (e. g., avian point-
count data) are used as the input variable and appropriately standardized for detectability
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(Sélymos et al. 2013), the SDM model outputs can be interpreted as predicted popula-
tion densities. This can be summed across management units or the entire range to provide
population estimates. If presence-absence data or presence-only data are used, the result-
ing output is a predicted probability of occurrence. For both Canada Warbler and Wood
Thrush, we used geographically-weighted regression models (hereafter, ‘GWR models’;
(Fotheringham et al. 2003) as our SDMs. Using GWR models enabled us to partition spe-
cies’ ranges into regions with distinct habitat associations.

We fit GWR models using point count data mostly from the North American Breed-
ing Bird Survey (https://www.pwrc.usgs.gov/bbs/), the Boreal Avian Modelling Project
(http://www.borealbirds.ca), and a few other minor sources (Table S1.1). The ranges of
both species extend into the United States (BirdLife International and NatureServe 2018).
To minimize points within Canada on the Canada/United States border becoming outli-
ers with inordinate influence, we included point-count data from both Canada and from
adjacent or near-adjacent states with similar forest types within the delineated breeding
ranges. We ran a separate GWR analysis for each species, assembling data from 403,005
point-count surveys for Canada Warbler (62% from BBS; 2% with one or more detections)
and 399,016 point count surveys for Wood Thrush (72% from BBS; 4% of all surveys with
one or more detections). To correct for variations in sampling protocol and other factors
affecting detectability, we calculated point-count specific offsets using the QPAD method
(Solymos et al. 2013). To control for variation in sampling effort between states and prov-
inces, and to improve model performance, we generated n=10 spatially balanced random
subsamples of the data. This was also done to help us look for and find patterns in the out-
put—Tlike how consistently certain points clustered together across samples. To do this, we
overlaid the breeding ranges of each species used within GWR modeling with a grid (100
x-intervals by 60 y-intervals; see Appendix S1 for further details) and randomly sampled
an equal number of point counts from each cell. This procedure was replicated 10 times,
and a GWR model was fit to each replicate.

For each covariate (Table S1.2) in each GWR analysis, separate model coefficients were
estimated at each point-count location, allowing spatially varying relationships between the
species densities and habitat covariates and thereby allowing for differential habitat selec-
tion to be detected across each species’ range. We used multivariate cluster analysis of
the location-specific model coefficients to identify regions with similar habitat associations
(based on coefficient similarity among different sites; Fotheringham et al. 2003; Fig. S1.1).
Finally, we identified management units by intersecting habitat association regions with
jurisdictional and/or other relevant management boundaries and/or expert opinion as nec-
essary (Environment and Climate Change Canada 2014). This process may result in mul-
tiple alternate delineations for a particular species. These delineations were evaluated by a
separate advisory committee for each species. Each committee chose the option having the
fewest management units consistent with their understanding of a particular species’ biol-
ogy and distribution. Steps 3, 4, and 5 are then conducted for or within each management
unit (Appendix S1).

Step 3 Predict current distributions and abundance

Like Step 2, Step 3 relies on SDMs, but with the aim of spatial prediction of distribution
within management units. We fit boosted regression tree models (hereafter, ‘BRTs’; Elith
and Leathwick 2009; Stralberg et al. 2015a; Micheletti et al. 2021) due to their predictive
accuracy and ability to account for nonlinear responses, interactions, and large numbers of
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covariates. We modeled the point-count data assuming a Poisson error distribution, with
detectability offsets as above. These models predicted expected densities in units of singing
males per hectare (S6lymos et al. 2013).

For each species, we ran BRT models for each management unit identified in Step 2.
Covariates used for each species were chosen based on published literature from Step 1,
and in consultation with advisory teams. When SDMs are used in Step 3 to make spatial
predictions over a management unit, it may be possible to use available covariates with a
finer cell size, which may influence the choice of habitat covariates. For Canada Warbler,
covariates included forest stand age, biomass, proportional cover of individual tree species
(Beaudoin et al. 2014), proportional cover of urban/agricultural footprint, and compound
topographic index. For Wood Thrush, covariates included forest age and biomass, eleva-
tion, and proportional cover of different land cover types (AAFC 2021). There were multi-
ple BRTs run for each species, each varying in the spatial scales at which predictors were
assessed for importance: a “local” scale within a 250-m square cell containing each point
count survey and one or more “landscape” scales (Canada Warbler: 250 and 750 m radii;
Wood Thrush: 150, 250, 1000 and 2000 m radii), in which environmental variables were
summarized by assigning greater weights to values in cells closer to each point count (i. e.,
Gaussian filtering; Chandler and Hepinstall-Cymerman 2016) (Appendix S2: full predictor
lists in Tables S2.1, S2.2). Weights followed a normal distribution and the landscape scale
for summarizing variables was specified by a sigma value (=1 standard deviation), with
larger sigma values for larger landscape scales. We then ran and evaluated the predictive
accuracy of several BRT models varying in predictors for each species and unit. To assess
uncertainties in predicted density, we fit BRTs to n=250 bootstrap samples of the data.
From each bootstrapped model, we generated a raster of predicted densities at a resolution
of 250 m. From these, we calculated rasters of mean predicted density and variance meas-
ures to represent uncertainty (the upper and lower 90% CIs). We also calculated the mean
and variance of population size and estimated population size for each management unit
(Appendix S2).

Step 4 Forecasting future distributions and population sizes

Here, the models of Step 3 are used for spatial prediction on simulated future landscapes
(details in Appendix S3), where habitats change over time according to coupled models of
vegetation dynamics, natural disturbances such as wildfire and anthropogenic disturbances
such as forest harvesting, often with exogenous climate projections. Ecological forecasting
is a rapidly developing field (Bodner et al. 2021; Lewis et al. 2022), but doing it to address
a specific question on a specific region remains a highly non-trivial and specialised task.
Here, we take advantage of pre-existing studies wherever possible. For this reason, study
areas for Step 4 were located within the management units identified in Step 2 and used for
modeling in Step 3 but did not necessarily correspond exactly with the designated manage-
ment units.

In brief, we mostly used applied land-use and climate-change simulations from pre-
existing studies by other research groups for northeastern Alberta (Cadieux et al. 2020)
and Quebec, New Brunswick, and Nova Scotia (unpublished), run using the simulator
LANDIS-II (Scheller et al. 2007). In these simulation studies, forest disturbance rates
resulted from different combinations of forest harvest regimes (ranging from no harvest
to high-intensity clear-cutting) and natural disturbance (e. g., tree mortality from forest
fires, drought, insect outbreaks) influenced by climate change between now and 2100. The
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amount of climate change varied among scenarios as described by Representative Con-
centration Pathway (RCP) values (e.g., 2.6, 4.5 and 8.5), with higher RCP values associ-
ated with larger increases in atmospheric CO, and greater rates of warming (van Vuuren
et al. 2011). LANDIS-II simulations of forest succession were not available for parts of
Ontario within the Wood Thrush range; instead, we ran a land-use scenario without climate
change for those regions with another simulator, ALCES Online (Carlson et al. 2014). Fur-
ther details about both simulators and their scenarios are described in Appendix S3 and in
Leston (2022).

Step 5 Candidate critical habitat identification by spatial prioritization

The final step in our framework identifies areas likely to support current and future spe-
cies populations, which can then be considered as candidates for designation as critical
habitat. We used the spatial prioritization software Zonation 4.0 (Moilanen et al. 2014).
Zonation ranks each raster cell by its contribution to meeting objectives for species popula-
tion and connectivity that the user defines. As input features to Zonation, we used the cur-
rent predicted densities (Step 3) and future predicted densities across scenarios (Step 4) for
each species. For example, we determined and mapped the amount of land area required
to represent 50, 75, 90 and 100% of the current (2020) population in each management
unit based on predicted density rasters. To gauge potential population sustainability, we
assessed these same land base requirements with respect to current and future distribution
maps simultaneously, weighting future maps at 0.75 to account for the greater uncertainty
in the predictions. In cases with multiple scenarios, we reported the best, intermediate, and
worst cases (specifications in Appendix S4).

Results

Using our case studies, we demonstrate how findings from each step of the framework are
used to better understand species-habitat relationships as well as inform delineation of crit-
ical habitat.

Step 1 Review distribution and life history characteristics

Based on our desktop review of current distribution and life history characteristics, we
determined key features that informed (1) covariate selection for modeling and (2) designa-
tion of management units. The Canada Warbler breeds across boreal and hemiboreal forests
in Canada (Reitsma et al. 2020). Previous studies suggest that Canada Warbler uses differ-
ent forest types and topographic features as breeding habitat in Maritime Canada (lowland
and disturbed coniferous forests), Ontario and Quebec (upland disturbed mixed-wood for-
est with a dense shrub understory) and western Canada (older upland deciduous forests)
(Chace et al. 2009; Goodnow and Reitsma 2011; Ball et al. 2016; Crosby et al. 2019).
Canada Warbler preferences for different forest types, climates, and topography at opposite
ends of its range, along with the vulnerability of these forest types to climate change led
us to include forest and non-forest land cover, information associated with forest age (i.e.,
height, canopy cover), topography, and climate variables in the GWR models (Appendix
S1: full predictor list in Table Appendix S1.2).
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In contrast, Wood Thrush is limited to Eastern Canada where it mainly nests in mature
deciduous forests, but also uses swamps, shrubland and younger forests (Evans et al. 2020).
For these reasons, we included land cover types, forest height and canopy cover and topog-
raphy variables. Due to its smaller range in Canada, we did not have strong a priori reasons
to include climate variables in Wood Thrush GWR models (Appendix S1: full predictor list
in Table Appendix S1.2).

Step 2 Delineation of management units

For the Canada Warbler, cluster analyses derived from GWR models indicated evidence of
three clusters based on differential habitat associations across the range: (1) western Can-
ada (from the Yukon Territory and British Columbia to mid-Manitoba), (2) central Canada
(from mid-Manitoba to 90W in Ontario) and (3) eastern Canada (Fig. 2). Based on desktop
information synthesized in Step 1 suggesting different habitat use in Ontario and Quebec
versus Maritime Canada, we performed a secondary cluster analysis using only data from
eastern Canada (Figs. Appendix S1.2-S1.3). We identified the northern 60% of Nova Sco-
tia as distinct within eastern Canada (Figs. 3, Appendix S1.2). Of the four clusters identi-
fied for Canada Warbler, we focused on further examining the two clusters at the ends of
the range (western Canada and northern Nova Scotia) for demonstrating Steps 35 of the
framework (Fig. 2), based in part on available forecasting scenario data (Methods, Step
4). We overlaid jurisdictional boundaries over the western Canada cluster, identifying the
province of Alberta as a distinct management unit, and excluded the Yukon and British
Columbia, because (1) land management is generally a provincial responsibility; (2) there
were some land uses within Canada Warbler’s range in Alberta that were not present else-
where and (3) we had access to detailed footprint data in Alberta but not elsewhere.

Cluster analysis on GWR results found no spatial variation in habitat selection by Wood
Thrush in Canada (Figs. 2B, Appendix S1.2-S1.3), which allowed for species distribu-
tion modeling in Step 3 to be performed across the specie’s entire eastern Canadian range,
rather than by management unit. Four management units were delineated based on provin-
cial boundaries and used for Steps 4 and 5, as each province has its own responsibility to
manage forest lands within its borders.

Step 3 Predict current distributions and abundance

For Canada Warbler, BRT model results corroborated GWR model results, indicating dif-
ferent habitat preferences in northern Nova Scotia and Alberta. Canada Warbler densities
in Nova Scotia were higher at sites with more balsam fir (Abies balsamea), red pine (Pinus
resinosa), and red spruce (Picea rubens) and higher compound topographic index (CTI)
values (larger catchment areas with shallow slopes) within the surrounding landscape, and
lower above ground biomass, eastern hemlock, white spruce (Picea glauca), and decidu-
ous trees within the surrounding landscape. In Alberta, Canada Warbler densities were
higher at sites with lower CTI values (smaller catchment areas with steep slopes) and
higher at sites with more above ground biomass and deciduous trees (Table 1; Appendix
S2). From the mean predicted density maps, we estimated a current population of 38,282
(90%CI 21,198-55,367) Canada Warbler males in northern Nova Scotia and 274,176
(90%C1165,447—442,813) in Alberta.

Wood Thrush abundance in eastern Canada increased when up to 80% of land within
150 m consisted of swamps, when shrublands or coniferous forests comprised no more
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Fig.2 Study areas and data used in the geographically weighted (GWR) models to identify management
units for Canada Warbler (A) and Wood Thrush (B) in Canada. Grey points = point count locations availa-
ble for GWR models. Yellow, dark blue, and light blue polygons A regional boundaries of point count loca-
tions with Canada Warbler detections identified as belonging to separate clusters after GWR models, with
points in northern Nova Scotia (nNS) being assigned to a separate cluster (yellow) from the rest of eastern
Canada (light blue) after more GWR models. Yellow polygon Bregional boundary of point count locations
with Wood Thrush detections, all identified as belonging to a single cluster after GWR models. We deline-
ated and selected management units for Canada Warbler in Alberta and nNS and used a single region for
Wood Thrush after cluster analysis for further study. Dark green lines: species range limits according to
NatureServe (BirdLife International and NatureServe 2018)

than 20% of land within 2000 m, and with increasing deciduous forest cover within 150 m
(Table 1; Appendix S2). From the mean predicted density maps, we estimated a current

population of 1,377,629 (90%C11,115,256-1,640,314) Wood Thrush males in eastern
Canada.

Step 4 Forecast future distributions and population sizes

For Canada Warbler, we chose two management units identified from GWR models: (1)
the Alberta-Pacific Forest Industries Inc. Forest Management Agreement Area (Al-Pac
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FMA) in the northeast of the Alberta management unit (Fig. Appendix S3.1) and (2) the
northern Nova Scotia (nNS) management unit that we used for BRTs in Step 3 (Figs. 3,
Appendix S3.2). These are data-rich areas with strongly contrasting habitats and land
uses. We used results of published simulations of land cover change resulting from for-
est harvesting and climate change for the Al-Pac FMA (Cadieux et al. 2020) and equiva-
lent unpublished simulations for nNS (details in Appendix S3). Scenarios in both man-
agement units were run using LANDIS-II (Scheller and Mladenoff 2004; Scheller et al.
2007). From each simulation, we generated forecasting scenarios based on combinations
of climate change intensity (no change, moderate, and high levels of climate warming)
and varying levels of tree biomass removal from forest harvesting (Tables Appendix
S3.1, S3.2). A total of 9 simulation scenarios were developed for Canada Warbler in the
Al-Pac FMA and 18 in nNS.

In the Canada Warbler scenarios, climate change had stronger, more negative effects
than harvest on coniferous forest biomass in Alberta; however, deciduous forest biomass
also declined over time with a warming climate in Alberta (Appendix S3; Fig. Appendix
S3.1). In contrast in Nova Scotia, negative impacts of climate change were stronger for bal-
sam fir (Abies balsamea) than other conifers and deciduous forest was predicted to expand
at the expense of coniferous forest with a warming climate in eastern Canada (Appendix
S3; Fig. Appendix S3.2) (Taylor et al. 2017; Boulanger and Pascual Puigdevall 2021).

Large declines in habitat for Canada Warbler were projected for the Alberta study area.
We estimated the 2019 population size (based on the assumption that habitat is limiting,
and on estimated carrying capacity of habitat) for the LANDIS-simulated area in north-
eastern Alberta to be 38,466 Canada Warblers (90%CI 24,597-59,886). In Alberta, popula-
tion sizes in 2100 varied from 61% less (best-case: baseline climate scenario, no harvest)
to 73% less (worst-case: RCP 4.5 with 0.6% annual harvest rate) than the 2019 population.
Canada Warbler habitat declined with both increasing harvest rate and a warming climate
(Table Appendix S3.3).

An increase in Canada Warbler habitat was projected for 17 of 18 future scenarios in
Nova Scotia between 2019 and 2100; however, the degree of projected, habitat-mediated
population growth was smaller under the RCP 4.5 and RCP 8.5 climate scenarios than
under baseline climate conditions (Appendix S3). For Canada Warbler, we estimated
the 2019 population size for the LANDIS-simulated area in northern Nova Scotia to be
38,282 males based on the mean predicted values across bootstrap replicates (90%CI
21,198-55,367). Projected potential population sizes in 2100 ranged from 1% less (worst-
case: RCP 8.5 scenario with ecosystem-based forest management) to 73% more (baseline
climate scenario, i.e., no increase in CO, emissions, at historic harvesting rates). Canada
Warbler showed a mixed response to harvest in these scenarios (Table Appendix S3.3).

While the advisory team for Wood Thrush identified a single management unit across
provinces in Step 2 and while we ran models within this management unit in Step 3, we
used output from pre-existing, unpublished land cover forecasting scenarios run sepa-
rately in each of southern Quebec, southern New Brunswick and southern Nova Scotia to
project future density and distribution of Wood Thrush in each of those provinces sepa-
rately (based on LANDIS-II simulations; Appendix S3, Table Appendix S3.1; Leston
2022). No pre-existing LANDIS-II simulation results were available for southern Ontario,
so we used the ALCES Online simulator (Carlson et al. 2014; https://www.online.alces.
ca/) to project forest composition and age from 2020 to 2070 under forest harvesting and
other disturbances with baseline climate, without projecting changes in climate or succes-
sion and spread of individual tree species. As for Canada Warbler in the Al-Pac FMA and
nNS, there were multiple available LANDIS-II simulations available for Wood Thrush in
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Fig. 3 Predicted distribution of Canada Warbler within the LANDIS-II scenarios in the northern Nova Sco-
tia management unit used in regional modeling, Canada. A current distribution, as of 2019. B Distribution in
2100 under the best-case scenario. CDistribution in 2100 under the medium-case scenario. D Distribution
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Quebec, New Brunswick, and Nova Scotia, but there was only a single available ALCES
Online scenario to use for Wood Thrush in Ontario (Appendix S3).

In the Wood Thrush scenarios, as in the Canada Warbler scenarios run in northern Nova
Scotia, there were larger negative impacts of climate change than harvest on biomass of
coniferous tree species, primarily balsam fir, while biomass of deciduous tree species gen-
erally increased with a warming climate (Appendix S3; Figs. Appendix S3.3, S3.4).

We estimated a current population of 510,438 (90%C1299,868-721,010) Wood
Thrush males in Ontario, 612,380 (90%CI1577,207-647,552) in Quebec, 169,926
(159,611-180,242) in New Brunswick, and 71,533 (66,106-76,960) in Nova Scotia
(Appendix S2; Table Appendix S3.1). We projected Wood Thrush increases under all land-
use and climate change scenarios run in Quebec (91-109%), New Brunswick (54-171%),
and Nova Scotia (179-276%) (Appendix S3; Table Appendix S3.3). There were smaller
increases in Wood Thrush habitat with harvest and larger increases with warming climate
in Quebec and larger increases in Wood Thrush habitat with both harvest and warming
climate in Nova Scotia. We also projected a 22% increase—albeit non-significant with
high uncertainty—within the single ALCES Online scenario run in Ontario (Appendix S3;
Table Appendix S3.3).

Step 5 Candidate critical habitat identification by spatial prioritization

In northern Nova Scotia, 7, 19, 35 and 84% of the total study area (2,610,300 ha) would
be required to maintain 50, 75, 90 and 100% of the current Canada Warbler population
(32,283 males), respectively, assuming that habitats are at carrying capacity (Fig. 4;
Appendix S4; Fig. Appendix S4.1). The best- and medium-case scenarios projected an
increase in the Canada Warbler population by 2100 (73% and 20% increases, respectively),
while the worst-case scenario predicted a negligible decrease (< 1% of current population).
The corresponding Zonation prioritization scenarios—which rank locations based on both
current density and predicted density in a particular future scenario—estimated that less
land would need to be conserved to maintain 50, 75, 90 and 100% of the current Canada
Warbler population (best-case: 2, 4, 8, and 64% of the study area; medium-case: 2, 4, 9 and
54%; worst-case: 2, 4, 9 and 66%, respectively) (Appendix S4; Fig. Appendix S4.1). Areas
with the highest projected densities and the top 50% of the priority areas were mostly
inland and south of Cape Breton Island (Fig. 5; Appendix S4).

In northeastern Alberta, 9, 19, 32 and 77% of the total study area (5,103,581 ha) would
be required to maintain 50, 75, 90 and 100% of the current Canada Warbler population
(35,592 males) under current climate conditions (Appendix S4; Fig. Appendix S4.2). How-
ever, as Canada Warbler was projected to decline to under 50% of its current population
in all Alberta scenarios, at best, 41.5% of the current population could be maintained by
habitat protected in 1.7% of the landscape (the best-case scenario). Areas with the highest
predicted densities and the top 50% of the priority areas were mostly concentrated along
the Athabasca River in north-eastern Alberta (Appendix S4; Fig. Appendix S4.3).

Considering only current Wood Thrush habitat, maintaining 50, 75, 90 and 100% of
the current Wood Thrush population required 15, 39, 66, and>99% of the Quebec study
area; 18, 42, 68 and>99% of the New Brunswick study area; and 18, 43, 67 and>99%
of the Nova Scotia study area. When Zonation scenarios considered both current habitat
and future (2100) habitat in each province’s LANDIS-II scenarios, less land was required
(Appendix S4; Fig. AppendixS4.4-12).
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Fig.4 Runtime plots showing the proportion of the current and future Canada Warbler population remain-
ing in its current range in northern Nova Scotia as lands (250 m cells) are removed from consideration for
conservation or management as important Canada Warbler habitat, under four Zonation scenarios. Zonation
scenarios: Current=based on current population density alone; Best=based on current density +2100 pop-
ulation from the best-case LANDIS-II scenario; Medium =based on current density + 2100 population from
the medium-case LANDIS-II scenario; Worst=based on current density + 2100 population from the worst-
case LANDIS-II scenario. As the 2100 population was projected to be higher than the current population
in northern Nova Scotia, less land was required to maintain various percentages of the current population
levels, when future distribution of the Canada Warbler was also used to prioritize lands as important habi-
tat. Since population projections were similar across different LANDIS-II scenarios, the amount of land that
can be removed barely differed in Zonation scenarios based on the best, medium, and worst-case scenarios

Combining results from separate Zonation exercises run in western and eastern Ontario
(29,726,350 ha), when only current Wood Thrush habitat was considered, 22, 46, 70
and >99% of land within the Wood Thrush range in Ontario would have to be prioritized
for protection or management to maintain 50, 75, 90 and 100% of the current Wood Thrush
population (510,438 males). When both current and future habitat in the single ALCES
Online scenario was also considered, the Zonation analysis suggested that 8, 19, 32 and
69% of the Wood Thrush range in Ontario would have to be prioritized to maintain 50,
75, 90 and 100% of the current Wood Thrush population circa 2070 (Appendix S4; Figs.
Appendix S4.13, S4.14).

Discussion

There are many challenges limiting our ability to effectively identify a species’ current
and future critical habitat. Wide-ranging species pose unique challenges for critical habitat
identification given variation in data availability and habitat relationships over large areas.
These challenges are exacerbated in dynamic landscapes, and under a changing climate.
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Fig.5 Priority areas for conservation of Canada Warbler in northern Nova Scotia under four scenarios.
Maps a-d indicate priority rankings (0=Ilowest priority and 1=highest priority) based on a current dis-
tribution, b current+ best-case 2100 distribution, ¢ current+medium-case 2100 distribution and d cur-
rent + worst-case distribution in LANDIS-II scenarios, whereas colors in e-h indicate the area necessary
to maintain specified percentages of the 2019 population under the e current, f best-case, g medium-case
and h worst-case scenarios. In panels e-h, areas colored in blue, blue +dark green, blue + dark green + light
green, and blue +dark green+light green+ yellow indicate the cumulative areas necessary to maintain up
to 50, 75%, 90%, and 100% of the current population, respectively. White areas do not contribute meaning-
fully to maintenance of the current population (i. e., removal of these pixels removes habitat for~0% of
current population)

We presented an approach that addresses these challenges. Although we applied this frame-
work to two wide-ranging species in Canada, our framework can be adapted to focus on
other wide-ranging species around the world. We discuss the application of the framework
below using the results of our case studies.

Our GWR models in Step 2 showed that Canada Warbler demonstrated spatial vari-
ation in habitat associations across Canada, consistent with Crosby et al. (2019), but
that Wood Thrush did not, possibly due to its smaller distribution in Canada. Our BRT
models in Step 3 corroborated previous findings that Canada Warbler used older decidu-
ous forests within varied terrain in Alberta and wet coniferous forests in Nova Scotia,
whereas Wood Thrush used older deciduous forest with some swamp and shrublands
in eastern Canada. Coniferous forests used by Canada Warbler in the Maritimes, along
with mixedwood forest types used by this species elsewhere in eastern Canada may
decline with global warming (Taylor et al. 2017; St-Laurent et al. 2022). Deciduous
forests used by Canada Warbler in western Canada and by Wood Thrush in eastern Can-
ada may increase with warming (Taylor et al. 2017), although older deciduous forests
may increase more in the absence of harvest (Cadieux et al. 2020). Suitable habitat for
Canada Warbler may expand with anthropogenic disturbances (e.g., wood harvest) when
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they create and or maintain regenerating stands with dense shrub understory (COSE-
WIC 2008). Beyond supporting identification of critical habitat, spatial outputs from
density models and prioritization exercises may be useful in forest management or other
forms of land-use planning.

Our framework can be used to evaluate not only current habitat needs, but also future
changes to habitat resulting from natural or human disturbance with or without climate
change. Land-use scenarios projected that populations of Canada Warbler would respond
differently to timber harvest across its range: negatively in Alberta and generally positively
in Nova Scotia, although we note that: (1) in the Alberta scenarios, habitat restoration and
alternative harvest strategies to clear-cutting were not considered; (2) in Nova Scotia, the
forested wetlands used by Canada Warbler are not generally targeted for harvest, but are
not properly captured in the wetland inventory that would otherwise provide protective
measures afforded to other wetlands (Nova Scotia Wetland Conservation Policy 2019). The
same scenarios projected less habitat for Canada Warbler in both regions under a warm-
ing climate, consistent with projected decreases in coniferous habitats in eastern (Taylor
et al. 2017; Tremblay et al. 2018; Boulanger and Puigdevall 2021) and average forest stand
age in western Canada (Cadieux et al. 2020). LANDIS-II scenarios run in Quebec, New
Brunswick and Nova Scotia projected that Wood Thrush would increase in those prov-
inces, particularly with moderate climate warming (Leston 2022; Appendix S3). The lat-
ter results are consistent with projected increases in deciduous forest growth rates along
with declines in coniferous forests (Taylor et al. 2017; Boulanger and Puigdevall 2021).
Our single Ontario land-use scenario in ALCES Online suggested a negligible increase in
Wood Thrush abundance would occur between 2020 and 2070. Although analyses in Steps
4 and 5 suggested that long-term protection of sufficient habitat for current populations is
feasible for Canada Warbler and Wood Thrush in eastern Canada (but will be difficult for
Canada Warbler in Alberta), further scenarios involving alternative harvest and restora-
tion strategies should be considered. The incorporation of future distributions into conser-
vation planning exercises also could enable critical habitat to be dynamically identified,
allowing for the movement of critical habitat locations over time. Our framework allows
the dynamic nature of habitat/climate change to be considered beforehand in areas that are
selected as critical habitat. Areas that are predicted to support species now and over time
would be ranked as particularly important to protect as refugia.

Locations that receive higher ranks in Step 5 of the framework would have stronger sup-
port for designation as critical habitat required for species’ recovery. Not only do sites with
higher ranks generally support higher current (and optionally, future) densities or occu-
pancy of species, but locations can optionally be ranked higher if they are closer to or clus-
tered with other optimal habitat for species at risk. Ranking locations this way minimizes
fragmentation of the best-ranked habitats, which could reduce negative effects of fragmen-
tation on habitat quality, reproductive success, and survival of species in critical habitat
designated from these locations, further improving the odds of species’ recovery.

Given limits on resources for habitat protection of multiple species (Martin et al. 2018),
useful outputs from Step 5 of the framework include runtime plots showing how much
additional land is required to achieve a certain conservation target. Runtime plots from
our Zonation exercises suggested a point of diminishing returns beyond which the amount
of land required to protect or manage for 90% of a population target sharply increases.
Although we have not done so in this paper, Zonation exercises can be configured to calcu-
late the financial cost of achieving a specific conservation target. Where multiple species at
risk co-occur, Zonation can be used to optimize protection for more species at risk (Moil-
anen et al. 2014).
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Our framework was designed to support critical habitat identification for wide-ranging
species that may use habitats differently across their ranges, although steps 1 and 3-5 may
be applied to species with small ranges and little or no a priori evidence of differential
habitat selection. Spatial patterns of habitat use for some species may be poorly known due
to poor survey coverage in parts of the species’ range that are relatively remote and inac-
cessible to humans. BBS data is one of the few comprehensive avian monitoring datasets
with extents approximating the national ranges of species. However, habitat representation
in the BBS data is biased towards roadside habitats and against roadless areas (S6lymos
et al. 2020). We addressed this challenge by integrating data from dozens of independent
studies conducted away from major roads and population centers, along with methods that
facilitate the integration of survey data collected from different survey methods (S6lymos
et al. 2013), including data from autonomous recording units (Van Wilgenburg et al. 2017,
Shonfield and Bayne 2017). These disparate datasets made up 30-40% of the data assem-
bled for each species. We anticipate our framework can be effectively applied to other spe-
cies and systems using this integration method with readily available data sources (e.g.,
eBird for birds, GBIF for other taxa). For birds at least, if abundance data are available then
detectability offsets are newly available for North American species (Edwards et al. 2023).

The analytical framework presented here was designed to be flexible and to complement
other sources of information available to identify critical habitat (Environment and Climate
Change Canada 2014). The models used within this framework can be replaced or adapted
to the species, available survey and covariate data, and ecological objectives (Guisan and
Zimmermann 2000; Phillips et al. 2006; Elith and Leathwick 2009). Other forest landscape
models or land use and climate change simulators other than LANDIS-II and ALCES
Online (e.g., Patchworks: Leston et al. 2020; LandR: Micheletti et al. 2021; SyncroSim:
Daniel et al. 2016; Norris et al. 2021; Provencher et al. 2021; Lucet and Gonzalez 2022)
can also be used, depending on the species of interest, the types of disturbance affecting the
species’ habitat, and the type of habitat. Conservation planning tools like Zonation can be
used to evaluate multiple land-use planning objectives, including specific occurrence loca-
tions (e.g., Westwood et al. 2020) or other species of conservation interest (Stralberg et al.
2018). Although critical habitat is identified in Canada from ecological needs and not soci-
oeconomic factors (Rosenfeld and Hatfield 2006), socioeconomic factors and stakeholder
objectives may also be considered as criteria within conservation planning exercises in
separate initiatives by conservation partners (e.g., Canada Warbler; Westwood et al. 2020).

Our framework could also be extended by including a population growth modeling
step, as our population projections were based on the amount of suitable habitat rather
than population dynamics. This step would occur in tandem with or after development of
GWRs (Step 2) or regional SDMs (Step 3), using locations with multiple years of sur-
veys and marking individuals within habitats identified in the SDMs. For birds, this step
could involve migratory connectivity information and full annual cycle models (Hostetler
et al. 2015) to connect areas of higher threat in wintering ranges to their respective areas
in the breeding range, potentially informing a prioritization of breeding range critical
habitat according to “wintering ground threat”. Where repeated yearly population counts,
capture-recapture histories of marked individuals, and reproductive success data coincide,
integrated population models (Schaub and Abadi 2011) or agent-based or individual-based
models (DeAngelis and Diaz 2019) may be used to estimate population growth.

Limitations of our framework include the assumption that predicted density of species
reflects the fitness and population viability of that species in the same habitats (Rosenfeld
and Hatfield 2006). In studies from Alberta, higher Canada Warbler densities have been
negatively associated with pairing or nesting success (Flockhart et al. 2016; Hunt et al.
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2017). Density estimation in our SDMs also did not consider spatial pattern in critical
habitat (e.g., patch size, distance to patches, fragmentation) and its influence on metap-
opulation dynamics, although our landscape-scale forest composition metrics likely reflect
landscape pattern. In eastern Canada, however, Wood Thrush pairing and nesting may be
successful in urbanizing forest landscapes (Phillips et al. 2005; Friesen et al. 2013). Apart
from a few species, like caribou (Environment Canada 2011), data for evaluating habitat
connectivity and demographic parameters throughout the life cycle is still unavailable or
limited for most species at risk (Camaclang et al. 2015; Lemieux Lefebvre et al. 2018;
DeAngelis and Diaz 2019). While our land-use simulations are robust, projected results are
only meaningful within the limits of the scenarios. For example, the single ALCES Online
scenario we ran for Wood Thrush did not consider effects of climate change on forest suc-
cession, nor did it consider non-harvest footprint. The LANDIS-II scenarios for Canada
Warbler in Alberta only considered different rates of clear-cutting (Cadieux et al. 2020)
but did not consider other harvest strategies or habitat restoration techniques (Leston et al.
2020). We acknowledge that limiting harvest scenarios to clear-cutting may have empha-
sized negative harvest effects on Canada Warbler in Alberta compared to Nova Scotia.
Despite these limitations, the publicly available reproducible code to apply our framework
can facilitate future re-analyses and refinements should key elements of the model need
revision or should new or improved data become available.

We acknowledge that we only obtained information supporting critical habitat for
Canada Warbler and Wood Thrush on their breeding grounds in Canada, because critical
habitat identified under the Species at Risk Act can only be legally identified in Canada.
However, Steps 3-5 can also be applied to other habitats throughout the life cycle of a
species, whether or not those habitats are within a country’s jurisdiction, and these habi-
tats can be protected or managed by other means. While declines may still occur due to
habitat loss and mortality on migration and wintering grounds (Céspedes and Bayly 2019;
Gonzalez et al. 2020), these results should assist recovery actions and habitat protection
within breeding grounds in Canada, which meets the requirements of the Species at Risk
Act for Canada.

Conclusion

Our framework provides a new approach for supporting critical habitat identification in an
increasingly reproducible and transparent manner and may be used as a roadmap to iden-
tify concrete species’ recovery measures that are robust to changes in climate and land use.
Although this framework was developed in a Canadian context, it may be applied to wide-
ranging species globally, and to conservation and ecosystem management applications
beyond the identification of critical habitat.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10531-023-02761-1.
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eling current and future Wood Thrush distribution from ALCES Online scenarios are in riskAssessment-
WoodThrush-ALCESOnline at https://github.com/LionelLeston/. Data used in all models is either available
from the Boreal Avian Modelling Project or via links to the original data sources, provided within the folder
structure of the R project in each repository.
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