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There is interest in linking outputs from land use simulators to bird species distribution models to project how boreal birds will respond to cumulative effects of caribou (Rangifer tarandus) conservation, harvest, fire, and energy-sector development in Alberta. Our hypotheses were: (1) species associated with older mixed-wood stands would decline more if harvest was shifted away from areas used by caribou to areas with more mixed-wood; and (2) species associated with older forests would be more negatively affected by the combined effects of harvest, fire, and non-forestry footprint than by harvest alone. We used vegetation data from two harvest scenarios produced in Patchworks as inputs for density models of 20 boreal forest songbird and woodpecker species in Alberta. We projected abundance of these species over 50 years under: 1) two scenarios created in Patchworks, without fire but with and without deferral of timber harvest within a caribou conservation zone on lands tenured to Alberta-Pacific Forest Industries Inc.; (2) a scenario with fire but no human footprint; and (3) five scenarios in ALCES Online, in which habitat was affected by Patchworks harvest locations, fire (1–2 × current rate), and energy sector development (present or absent; with or without seismic line reclamation to improve caribou habitat). In the Patchworks scenarios, we found similar projected numbers of each bird species over time, whether harvest deferral occurred or not. Both harvest plans increased habitat and numbers for most species associated with older forests over 50 years, while most species associated with younger forests declined in both harvest plans, because average projected forest age increased over 50 years. Fire and other footprint generally reduced relative amount of habitat for species associated with older forests, which still increased over time, while other species responded positively or less negatively to fire. Seismic restoration created habitat for three-quarters of species that responded negatively to energy sector development over 50 years. As projections depended on whether just harvest, fire or all footprints were analyzed, multiple human impacts over time beyond harvest should be considered in conservation and land use planning based on long-term predictions about wildlife in anthropogenic landscapes.
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INTRODUCTION

Canada’s boreal forest is continually being altered by human activities like forestry, energy sector development, agriculture, and climate change (Carlson and Stelfox, 2014; Gauthier et al., 2015). The cumulative effects of these activities are affecting the amount and suitability of habitat for wildlife (Schneider, 2019). Forestry operations are a dominant source of land-use change in Canada’s boreal forest and generally shift the age-distribution of forests toward younger successional states (Kuuluvainen and Gauthier, 2018; Lavoie et al., 2019). Fragmentation by roads and other linear features (e.g., pipelines, seismic lines, power transmission lines) are also a concern if these features reduce forest patch size or increase edge effects (DeLong and Tanner, 1996; Dyer et al., 2001, 2002; Schneider, 2019). To reduce such effects on wildlife, many forestry companies have begun adjusting the spatial pattern, size distribution, and timing of harvests to better approximate natural disturbances like forest fire (Hobson and Schieck, 1999; Huggard et al., 2014). The goal of approximating natural disturbance is that it provides a coarse-filter approach that should be better at maintaining habitat for more wildlife species than traditional harvesting (DeLong and Tanner, 1996; Dzus et al., 2009; Kuuluvainen and Grenfell, 2012). However, such strategies come with economic costs, so it is important to assess the environmental benefits of different harvesting strategies. Future simulation tools that project outcomes for forestry yields, harvesting costs, and habitat quantity or quality for different species (e.g., caribou, boreal birds) are a crucial component of such evaluations (Sturtevant et al., 2007; Carlson et al., 2014, 2019).

Coarse-filter habitat management by forestry companies can be complicated by the needs of declining species. In western Canada, woodland caribou (Rangifer tarandus) have declined in many areas, leading to calls to defer logging in caribou zones (Dyer et al., 2001, 2002; Wittmer et al., 2007). In the boreal plains ecoregion, harvesting of caribou habitat (black spruce dominated bogs and fens) is very uncommon as the trees are too small to be commercially valuable. However, within caribou zones, there are patches of upland, mesic, deciduous or white spruce stands, which are of low value to caribou per se, but are valuable commercial timber. Deferring or shifting logging away from upland patches adjacent to or within caribou zones has been proposed as a tool to minimize the risk that wolves (Canis lupus) and their primary prey (e.g., white-tailed deer [Odocoileus virginianus], moose [Alces alces]) are attracted to the early seral habitats created by forestry companies while also minimizing fragmentation caused by road construction (Latham et al., 2011). However, whether this fine-filter habitat management approach creates a conflict with other species at risk is not particularly clear (Villard et al., 1999; Drapeau et al., 2000; Imbeau et al., 2001).

While many qualitative assessments of caribou management on other species have been done, relatively few studies have used quantitative models to test the value of caribou as an umbrella species (however see Bichet et al., 2016; Drever et al., 2019). Previous studies on the value of caribou as an indicator species focus on the co-occurrence of other species with caribou using relatively coarse maps of species distribution, rather than projecting abundance of species based on detailed abundance - habitat relationships. Similarly, past work has tended to rely on relatively simple simulated landscapes or conservation networks rather than harvesting plans that will actually occur on the landscape. Declines in boreal birds may be exacerbated by a caribou-centric harvest strategy if forest harvest is concentrated in more contiguous older mesic upland forests, rather than in the small patches of upland interspersed in the lowland complexes preferred by caribou. To understand how long-term changes in land use to benefit one species affect other species, we can use spatial simulation modeling to create future landscapes. By linking spatial simulation models to species distribution models (SDMs) of abundance, it is possible to make predictions about how the size of bird populations may change under different harvest plans that vary in their objectives.

Quantitative predictions about bird response to forest harvest are only as realistic as the assumptions that go into each scenario. For example, in ecosystem-based management where harvests are designed to emulate natural disturbances, fire is usually assumed to be the most important disturbance influencing forest age and boreal forests can be stratified into areas naturally subject to and manageable with different fire or harvest frequencies (“ASIO model” in Angelstam, 1998; Kuuluvainen and Grenfell, 2012). Depending on the forest region, other disturbances or sources of tree mortality such as drought, wind storms or insect outbreaks may be more important disturbances in other regions (Seidl et al., 2017; Navarro et al., 2018). Forest harvest planning is often also based on the assumption that forest harvest is the sole disturbance setting forest age. Forestry companies design harvest strategies with the goal of approximating the distribution of forest fires, but an assumption underpinning these strategies is that fire control reduces the area burned sufficiently to allow for harvest to occur. It is becoming increasingly evident in western Canada that harvest and forest fires jointly affect forest age and the habitat available to different birds, despite best efforts at suppressing fire (Arienti et al., 2006). Furthermore, there is good evidence that bird abundance often differs between recently burned and recently harvested forests (Hobson and Schieck, 1999; Schieck and Song, 2006; Robertson and Hutto, 2007), particularly in the first 10–20 years post-disturbance (Schieck and Song, 2006; Huggard et al., 2014). Fires leave snags and patches of unburned vegetation and create temporary habitats for some species like woodpeckers and flycatchers (Schieck and Song, 2006) and some of these habitat attributes may be absent from some types of harvest blocks (Huggard et al., 2014). Whether or not there are significantly large differences in responses by species to fire and harvest in meaningful space and time remains a key question (Andison, 2003; Messier et al., 2003). SDMs that account for difference in bird response to harvest versus fire provide a much better way to assess whether forestry plans are maintaining birds within the natural range of variation (NRV) that would be expected when uncontrolled fire is the dominant disturbance agent. Simulating landscapes based on NRV in forest age and structure provides a way of estimating species abundance in the absence of human footprint, although the effects of a lack of harvest are confounded with the effects of increased fire due to a lack of fire suppression by humans.

While forest management plans often treat forestry as the only anthropogenic disturbance, there are an increasing number of other land-users in many areas of the western boreal forest. Assessing the impact of different sectors becomes a key priority in assessing overall risk to species and what the most effective management actions to conserve species might be. In western Canada’s sedimentary basin, oil and gas development cumulatively deforest and/or alter vegetation structure of large areas each year (Brownsey and Rainer, 2009; Carlson and Stelfox, 2014; Pickell et al., 2015). Climate change is also increasingly influential, with recent studies suggesting that boreal forests are seeing and will be subject to even higher rate of burning (Stralberg et al., 2015, 2018), drought, wind storms, and insect outbreaks (Seidl et al., 2017; Navarro et al., 2018). Given that landscapes are being transformed by multiple agents of change, wildlife management decisions that focus solely on timber harvest may be ill-equipped to actually achieve management objectives if other disturbances are not accounted for. While integrated landscape management is recommended as a best practice, in reality it is rare in most jurisdictions (Kennett, 2006) as data from planned development by all relevant industries is usually unavailable. Decision support tools that simulate and incorporate multiple land uses (e.g., energy, forestry, agriculture, settlements, transportation, mining) and natural disturbances are needed (Carlson et al., 2014). By linking SDMs to simulation tools, the consequences of management strategies in the presence of the full suite of drivers can be assessed (Carlson et al., 2014, 2019).

We linked detailed bird SDMs with several landscape simulation models in order to: (1) compare how populations of 20 boreal bird species of interest respond to forestry over the next 50 years with and without deferrals of harvest in caribou habitat; (2) predict the NRV in those species’ populations in the absence of human footprint but with historical fire rates; and (3) predict cumulative effects to these species from forestry, other land uses (bitumen development, settlements), and fire (present burning rate and a doubled burning rate). We focused on species of conservation interest to Canada or Alberta or of management interest to foresters in Alberta. Thirteen of these species use older coniferous, mixed-wood, or deciduous forests as habitat. We predicted that species associated with older mixed-wood, or deciduous forests would decrease with deferral of harvest in caribou habitat, while species associated with older coniferous forests would increase with harvest deferral. We also expected bird species associated with older forests to respond negatively to forest disturbance by fire and non-forestry land use, and positively to restoration of land use footprint. Seven of our 20 species use younger or open habitats, and we predicted these species would respond positively to harvest, fire, and other land use.



MATERIALS AND METHODS


Study Area

The study area was the Alberta-Pacific Forest Industries Inc. (Al-Pac) Forest Management Area (FMA) (∼6,300,000 ha) in northeastern Alberta, extending north from the towns of Athabasca and Lac La Biche to the Birch Mountains (∼340 km) and west from the Alberta/Saskatchewan border to Lesser Slave Lake. The predominant ecosystem is boreal forest, dominated by black spruce (Picea mariana) and tamarack (Larix laricina) in lowlands and by trembling aspen (Populus tremuloides), balsam poplar (P. balsamifera), and white spruce (Picea glauca) in mesic uplands. Another climax species, balsam fir (Abies balsamea), is uncommon due to the frequency of forest fires. Drier uplands are dominated by jack pine (Pinus banksiana). The merchantable land base comprises 31% of the FMA (Alberta-Pacific Forest Industries Inc, 2015). The FMA is divided into 12 Forest Management Units (FMUs) varying in size and the amount of forest stands that are suitable for harvest. A Forest Management Plan is produced every 10 years for the entire FMA but there are separate management targets for each FMU (Alberta-Pacific Forest Industries Inc, 2015, Figure 1).
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FIGURE 1. Study area, in the Al-Pac Forest Management Area (FMA) area in northeastern Alberta. There is one Forest Management Plan for the FMA, but the FMA is divided into 12 Forest Management Units (FMUs). Separate harvest targets are set for individual FMUs within the plan, and FMUs vary in size and the amount of habitat for individual bird species.




Bird Species Distribution Models

The SDMs that we used for boreal birds were produced by the Boreal Avian Modelling Project (BAM), Alberta Biodiversity Monitoring Institute (ABMI), and Environment and Climate Change Canada (ECCC). The modeling process has been described in detail elsewhere and has been applied in other simulation and modeling studies (Ball et al., 2016; Sólymos et al., 2020b). Briefly, point count data were collated and standardized (n = 141,557 survey visits from 33,002 unique stations) from multiple boreal bird studies in Alberta’s boreal forests (1993–2017). Boreal birds select habitat at multiple spatial scales (Mahon et al., 2016); thus, predictor variables in the SDMs were assessed at two spatial scales for each survey station. Local-scale variables were assessed in a 150-m radius of each station. Stand-scale variables were assessed in a 564-m radius (1 km2) of each survey station. This stand scale was chosen for pragmatic reasons to match the mapping unit in our predictions and because it roughly corresponds to the scale deemed most appropriate for landscape variables based on smoothing kernel estimates for landscape variables (Chandler and Hepinstall-Cymerman, 2016). At the local scale, land cover was assessed for each survey station using provincial land cover information (Alberta Biodiversity Monitoring Institute, 2017, 2018; Allen et al., 2019). Vegetation type included deciduous, mixed-wood, white spruce, pine, black spruce, tamarack fen, shrub, grass/herb, graminoid fen, marsh, and swamp cover types. Human footprint was assessed at each survey point based on the year of sampling. Footprint type included cultivation, forestry, urban-industrial (mines, well sites, urban areas, industrial, rural residential), hard linear (road and rails), and vegetated soft linear (seismic lines, pipelines, power lines, road verges) features. Proportional area of the land cover types was calculated at the local scale, and the dominant vegetation type was assigned to each survey station based on a simple majority rule. Various data sources (Alberta Biodiversity Monitoring Institute, 2017) were used to estimate the years since last disturbance (i.e., forest age) relative to year of sampling for birds. Age was calculated as the area-weighted average of the forested polygons within 150 m of survey stations. When the dominant land cover was a harvest block, the pre-disturbance vegetation type but not age was assumed based on available forest inventory data in the local 150-m buffer. Doing so treated harvested areas as young forest rather than a separate land cover type. We also created a contrast variable that ranged between 1 (harvest) and 0 (converged to natural stands) to describe the convergence trajectory of forestry cut blocks. We assumed that convergence is complete at 60 years after harvest. This allowed us to differentiate young forests of natural (i.e., fire) versus anthropogenic (i.e., timber harvest) origin. Stand-scale variables included: the amount of open water in a 1-km2 buffer around each survey location; the proportions of total human footprint, vegetated footprint types, non-vegetated footprint types, linear footprint, non-linear footprint, cultivation, and non-cultivation footprint types; and the proportion of suitable habitat for each species (Table 1). The suitable land cover classes were determined based on the binary classification of land cover types into suitable and unsuitable classes by maximizing the Youden index (Youden, 1950).


TABLE 1. Predictors used in the species distribution models to predict density and abundance of each analyzed bird species within individual Forest Management Units and over the Al-Pac Forest Management Area (FMA) over 50 years within the two Patchworks spatial harvest scenarios, the NRV scenario, and the ALCES Online cumulative effects scenarios described in this paper.

[image: Table 1]Geographic variation was captured by including latitude, longitude, and climate (mean annual precipitation, mean annual temperature, potential evapotranspiration, annual heat moisture index, frost-free period, mean warmest and coldest month temperature at 0.5° resolution; Wang et al., 2012) (Table 1).

The final SDMs were Poisson generalized linear models with a log link function. The response variable was the number of male birds of a species counted per survey. The QPAD approach was used to account for differences in sampling protocol and nuisance parameters affecting detectability (time of day, time of year, tree cover, habitat composition; Sólymos et al., 2013). This approach converts sampling distances and durations to a common standard through statistical offsets and adjusts for differences in detection error and sampling area related to broad vegetation types and timing of surveys. As a result, the results allow us to estimate density of birds (individuals per hectare), in a spatially explicit manner, allowing us to use forest stand type, fire or harvest origin, stand age, and human impact coefficients in scenario modeling.

Bird densities for the various scenarios were estimated based on the local stand, its spatial location, and the characteristics of the surrounding polygons. We modeled the effect of forest age on bird density by using weighted age and a quadratic or square root transformed terms as covariates to fit non-linear responses to age. We incorporated interactions between forest type and age, climate variables, latitude, and longitude (Table 1). The stand level effects of suitable habitats and human footprint allowed us to differentiate between locally suitable habitats that are surrounded by suitable vs. unsuitable land cover types. The stand-scale predictors effectively measure patch size in a species-specific manner, i.e., suitable habitat was assessed for each species individually, to best describe their optimal habitat characteristics.

We extracted habitat variables, and depending on the scenario, human footprint and climate variables, which served as inputs to the SDMs for predicting abundance of bird species at specific locations. For the Patchworks harvest scenarios and NRV scenario, these locations were individual quarter-sections throughout the Al-Pac FMA and we extracted proportions of different forest-origin type-age-classes per quarter-section. The quarter-section IDs were linked to latitude and longitude locations stored with climate variables and interaction terms in the cure4insect R package (R Core Team, 2020; Sólymos et al., 2020a). For the ALCES Online cumulative effects scenarios, we extracted variables from 200-m square raster cells including the proportion of each cell occupied by a specific vegetation-origin type or human footprint, the proportion of land within 1 km2 of each cell in different vegetation-origin types or human footprints, the weighted-average forest age in that cell, latitude, longitude, climate variables, and any interaction terms among these variables. Instead of importing these variables as inputs to SDMs within the cure4insect package, we constructed individual species indicators and ran each species indicator through the cumulative effects scenarios in ALCES Online (Table 1) using a set of parameter estimates from models that included the 1 km2 scale predictor variables as described in Ball et al. (2016). Model coefficients and indicator formulae for species are stored online at https://github.com/borealbirds/ABMI-bird-models-ALCES-Online.

We focused on 20 bird species in three key groups: (1) federally threatened species in Canada1; (2) provincially threatened in Alberta (Alberta Environment and Sustainable Resource Development, 2014), or (3) have specific habitat requirements that make them useful indicator species for forest managers in Alberta. Most of these species are associated with mature or older deciduous or mixedwood forests (Black-throated Green Warbler Setophaga virens, Brown Creeper Certhia americana, Canada Warbler Cardellina canadensis, Ovenbird Seiurus aurocapillus, Pileated Woodpecker Dryocopus pileatus, Yellow-bellied Sapsucker Sphyrapicus varius) or coniferous forests (Bay-breasted Warbler Setophaga castanea, Blackpoll Warbler Setophaga striata, Boreal Chickadee Poecile hudsonicus, Cape May Warbler Setophaga tigrina, Evening Grosbeak Coccothraustes vespertinus, Western Tanager Piranga ludoviciana, White-winged Crossbill Loxia leucoptera). The remaining species are of conservation or management interest but use younger or open habitats (American Three-toed Woodpecker Picoides dorsalis, Black-backed Woodpecker Picoides arcticus, Northern Flicker Colaptes auratus, Olive-sided Flycatcher Contopus cooperi, Palm Warbler Setophaga palmarum, Rusty Blackbird Euphagus carolinus, Western Wood-pewee Contopus sordidulus).



Harvest Planning for Caribou Management

Many forest planners in Alberta create their operating harvesting plans using the harvest-scheduling simulator software Patchworks2. Patchworks is used because it optimizes economic and ecological tradeoffs when selecting which stands to harvest, in what areas, and when (Sturtevant et al., 2007). We used Patchworks to create two spatial harvest plans for the Alberta-Pacific FMA in northeastern Alberta that are being submitted as options for harvest to provincial regulators.

The first Patchworks scenario solves for different tradeoffs to maximize harvesting pulpwood and timber with relatively even harvest levels over time, while (1) minimizing costs of road construction and maintenance; (2) adjusting harvest area size, shape, and distribution to approximate the size, shape and distribution of natural forest disturbances like fires; and (3) applying other constraints (Hebert et al., 2003; Dzus et al., 2009). We describe this scenario as the Ecosystem-Based Management/Natural Disturbance Model (“EBM”) scenario.

The second scenario is known as the Preferred Forest Management (“PFM”) scenario and corresponded to the spatial harvest strategy used by Al-Pac in their 2015 Forest Management Plan. The PFM scenario also solves for the tradeoffs described in the EBM scenario but it also defers large tracts of habitat within Woodland Caribou range (primarily black spruce/larch bogs and fens) from harvest for the first 20 years of the simulation. After the 20-year deferral model allocation within the Caribou Zone is permitted. Both scenarios were run separately on each of Al-Pac’s 12 Forest Management Units (FMUs) as required by provincial planning standards (Government of Alberta, 2006).

From each of the two scenarios, we extracted year 0, year 10, year 20, and year 50 outputs as shapefiles for each of Al-Pac’s 12 FMUs in each scenario, describing the polygons harvested, when they were harvested, age at harvest, cutblock size, type of cover class, and harvest volume (Figure 2). We spatially unioned these layers with an Alberta quarter-section shapefile layer clipped to each FMU’s boundaries. This allowed us to calculate the cumulative area of each forest age- forest type per quarter-section. We classified forest age-classes based on the management age of each forest stand since its origin, based on the stand and age-class categories used in the bird SDMs. The abundance of each species per quarter-section based on predicted habitat conditions were computed from cure4insect for the 20 bird species for each time period and scenario.


[image: image]

FIGURE 2. Locations of existing harvested stands in Year 0 (start of simulation = 2016) and simulated harvested stands accumulated over 50 years under both the PFM and EBM scenarios in one of the Al-Pac forest management units (A-14), along with the locations of caribou conservation zones where harvest was deferred in the first 20 years of the PFM scenario. Existing harvest areas (brown) already present in A-14 at Year 0 could occur within the deferral zones as could harvests from the first 20 years of the EBM scenario (green, blue), but harvests from the first 20 years of the PFM scenario (red, orange) were excluded from the deferral zone. From Year 20 to Year 50, harvests under both scenarios could occur inside or outside the deferral zones and often the same harvest locations were selected under either scenario. Harvest over 50 years comprised a very small percentage of FMUs under either scenario, and overall forest age increased under both scenarios.


The Al-Pac FMP model underlying the Patchworks scenarios in this paper assumes that the only action that can change the age of a forest stand is a harvest event. When a stand is harvested, stand age is reset to zero and the forest type remains the same (regenerating stands are the same as the original stand). Stand succession (the endemic process of senescence and renewal) is captured in the long-lived yield curves with the assumption that long-term standing volumes decline and stabilize at 50% of peak culmination.



Natural Range of Variation

Patchworks is an optimization tool for harvest scheduling, but does not explicitly allow for dynamic changes in fire or other human land-uses. Thus, we used a spatially explicit land use simulator called LANDMINE (Andison, 1996, 2005; Andison and Forest, 2000) to compare the effects of fire to the harvest results from Patchworks. Specifically, we compared the two harvest scenarios to a scenario devoid of human activities whereby forest age-structure was set back by fire instead of harvest. LANDMINE uses a dispersal algorithm to spread fires from one pixel to another probabilistically based on fuel-type and topography. Fire movements were calibrated to create different fire shapes and unburnt island remnants based on empirical data. Fire size was controlled by an equation representing the actual fire size distribution for each landscape. Ignition location probabilities were loosely based on historical lightning probabilities. Finally, the total amount of forest burnt in any single time step was based on historical areas burnt. A burn frequency of 63.5 years was used for the Al-Pac FMA. The “NRV” scenario was a Monte Carlo simulation that replaced human footprint with natural disturbance footprints (fire) through time, in which no logging nor any other human activity occurred. Once human footprint was removed, the NRV scenario was run for approximately 1000 simulated years (Andison and Forest, 2000). The NRV simulation of fire and the resulting forest-age structure was developed by DA at Bandaloop Landscape Ecosystem Services3.

From the NRV simulation 100 snapshots – each separated by 10 years – of the Al-Pac FMA were extracted. Each snapshot consisted of a grid of 200-m square cells across the entirety of the Al-Pac FMA. Estimated forest age and dominant tree species or non-forest vegetation in each cell were calculated. The amount of each vegetation age-class varied by snapshot. We converted each snapshot to shapefiles and imported the shapefiles into cure4insect to calculate bird abundance in each cell (Figure 3). Once we had 100 abundance predictions of each species, we estimated the mean, standard deviation, and confidence interval estimates for those predictions.
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FIGURE 3. Examples of “snapshots” of forest age-structure the Al-Pac FMA from simulations of natural disturbance (a 63.5-year fire cycle) in the total absence of human footprint (NRV scenario). In this program, younger forest stands resulted from fires which were also used to replace human footprint over 1000 years of simulated time. We ran this simulation for 1000 years, then used 100 “snapshots” from the simulation to estimate natural range of variation (NRV) of different forest stands and ages. Pure stands of white spruce were not included in the simulation due to their rarity in the Al-Pac FMA. In contrast to the NRV scenario, harvest was the only source of disturbance setting back forest stand age to 0 in the Patchworks scenario and given the small amount of each forest management unit harvested over 50 years in the Patchworks scenarios, forest age on average increased within individual FMUs over 50 years.




Cumulative Effects

While Patchworks and LANDMINE are particularly good at spatially representing harvesting and fire strategies and optimizing solutions, they were not designed to track cumulative effects. To explore how boreal birds may respond to the cumulative effect of multiple land uses and fire, we created five scenarios using a spatially explicit land use cumulative effects simulator called ALCES Online4. To make these simulations as realistic as possible, we used the actual harvest plans from the PFM scenario in Patchworks (the most likely harvest plan) along with theoretical future trajectories for bitumen development and fire to determine how these drivers affect bird response over the next 50 years. The consequences of simulated anthropogenic and natural processes were assessed by tracking changes in landscape composition, forest age, and forest origin (i.e., burn or harvest). The simulator is cell based, with each cell’s composition tracked as proportional coverage by various natural and anthropogenic cover types. ALCES was initialized by calculating the current proportional composition of each 200-m cell by forest types, other cover types, and footprints. Forest area, age, and origin was based on the Alberta Vegetation Inventory as in the Patchworks and LANDMINE tools. Coverage by different non-forest, terrestrial and aquatic vegetation types – which may also influence bird abundance - was calculated using the Earth Observation for Sustainable Development (EOSD) land cover and the AltaLIS hydrology datasets. Current location and extent of anthropogenic footprints other than harvest (roads, well sites, pipelines, seismic liens, mines, rural residences, settlements, transmission lines, industrial features) were obtained from the Alberta Biodiversity Monitoring Institute human footprint inventory as well as other sources such as Alberta Energy Regulator, CanVec, and OpenStreetMap. Proportional composition, age, and origin of each cell was then modified during simulations to track the effect of new developments, reclamation, and fire on landscape composition and age. A baseline “Al-Pac BAU” scenario incorporated forestry, bitumen, settlement, road, and gravel pit development as well as fire. The baseline scenario was modified to create the following additional scenarios: “Seismic Restoration,” which restored seismic lines to improve woodland caribou habitat; “No Energy,” which excluded the effect of future energy development; “No Fire,” which excluded the effect of future fire; and “Increased Fire,” which doubled the fire rate to incorporate the projected effect of climate change (Boulanger et al., 2014).

We used the following assumptions to simulate fire and non-forestry land use. Annual area burned (284.8 km2/year) and the fire size class distribution was based on fires occurring in the study area over the past 75 years (1940–2015) rather than on the NRV scenario. Fire location was influenced by forest type and age (Bernier et al., 2016). Simulation of in situ (i.e., well-based) and mineable bitumen development assumed production trajectories consistent with projections by the Alberta Energy Regulator (2016) and National Energy Board (2016) for the first 25 years, after which production plateaued based on the expectation that bitumen production will stabilize in the long-term (Millington and Murillo, 2015; Straatman and Layzell, 2015). The sequencing of mining projects during the simulation was based on anticipated project start-up dates. For the first 25 years of the simulation, in situ bitumen development occurred at operational, approved, and applied projects. Thereafter, location was influenced by bitumen pay thickness. The number of new production wells and mine area required through time to meet the production trajectory was based on productivity assumptions from previous studies (Wilson et al., 2008; Alberta Energy Regulator, 2015). Production wells and exploration footprint (exploration wells, seismic lines) were aggregated around central industrial plants, and pipelines linked the projects to the existing pipeline network. Energy sector footprints remained for the duration of the 50-year simulation because reclamation trajectories for footprints such as seismic lines (Lee and Boutin, 2006) and mines (Rooney et al., 2012) are slow and uncertain. The exception was the “Seismic Restoration” scenario for which seismic lines were reclaimed to natural land cover after 20 years. Rural residential and urban settlements were simulated to expand as per the Government of Alberta’s population growth rate for the region. New rural residences (i.e., acreages) occurred within 1 km of existing rural settlement footprint, and urban expansion occurred at the periphery of Fort McMurray, the largest city in the study area. Simulated roads connected new well sites, acreages and timber harvest areas to the nearest existing road. New gravel pits were simulated based on the current ratio of road to gravel pit area; gravel pits were located within gravel deposits in proximity to new roads.

Rather than compute bird abundance by predicting total abundance using the various shapefiles created by Patchworks and LANDMINE as inputs in cure4insect, we took the underlying model coefficients from the SDMs in cure4insect to directly track birds as indicators in the Alces Online tool with reporting of mean density and population size at each 10-year mark in a 50-year simulation.



RESULTS


Harvest Planning for Caribou Management

Most bird species associated with mature and old deciduous and mixed-wood forests were predicted to increase over 50 years (Figure 4, Table 2, and Appendix I). Bird species associated with mature and old deciduous and mixed-wood forests tended to exhibit a larger population increase in the presence of caribou habitat deferral (PFM scenario) than without (EBM scenario). This included Black-throated Green Warbler (9% under PFM vs. 7% under EBM: 4701 more birds after 50 years), Brown Creeper (58% vs. 56%: 20849 more birds), Canada Warbler (36% vs. 30%: 18736 more birds), and Pileated Woodpecker (15.4% vs. 14.7%: 415 more birds). An exception was Ovenbirds, with 24375 fewer birds under the PFM scenario (−1.0% under PFMS vs. −0.6% under EBM), although the differences were small relative to the initial population of this species (5283326 Ovenbirds in Year 0). The density of species associated with older mixed-wood and deciduous forests tended to be lower in FMU A-14, which experienced a large forest fire in 2016 at the start of the simulation (Figures 4–6 and Appendix I).
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FIGURE 4. Predicted abundance of 20 boreal bird over time (year 0–50, where year 0 = 2016) in the Al-Pac Forest Management Area (FMA), under two scenarios: (1) the Preferred Forest Management Scenario (PFM) that included harvest deferral within caribou habitats (green line); and (2) the Ecosystem-Based Management/Natural Disturbance Model Scenario (EBM) without harvest deferral (blue), relative to the predicted Natural Range of Variation (NRV) in abundance of each species in the absence of human footprint. Red line = mean predicted abundance in the FMA in the NRV Scenario. Black dashed lines = 95% confidence interval estimates in the NRV Scenario.



TABLE 2. Initial population size and projected percent change in population of 20 species in the Al-Pac FMA over 50 years, along with projected response of each species, under two scenarios: (1) the Preferred Forest Management Scenario (PFM) that included harvest deferral within caribou habitats; and (2) the Ecosystem-Based Management/Natural Disturbance Model Scenario (EBM) without harvest deferral, relative to the predicted Natural Range of Variation (NRV) in abundance of each species in the absence of human footprint.
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FIGURE 5. Predicted Black-throated Green Warbler abundance over time (year 0-50, where year 0 = 2016) in all 12 Forest Management Units in the Al-Pac Forest Management Area, under two scenarios: (1) the Preferred Forest Management Scenario (PFM) that included harvest deferral within caribou habitats (green line); and (2) the Ecosystem-Based Management/Natural Disturbance Model Scenario (EBM) without harvest deferral (blue), relative to the predicted Natural Range of Variation (NRV) in Black-throated Green Warbler abundance in the absence of human footprint. Red line = mean predicted Black-throated Green Warbler abundance per Forest Management Unit in the NRV Scenario. Light blue dashed lines = 50% confidence intervals for mean predicted Black-throated Green Warbler abundance in the NRV Scenario. Black dashed lines = 95% confidence interval estimates in the NRV Scenario. SDMs predicted that Black-throated Green Warbler densities were highest in very old deciduous and mixed-wood stands (>80 years old) and average deciduous and mixed-wood forest age increased in most FMUs over 50 years in the Patchworks simulations, while average deciduous and mixed-wood forest age was reduced by simulated fires in the NRV scenario.
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FIGURE 6. Predicted Palm Warbler abundance over time (year 0-50, where year 0 = 2016) in all 12 Forest Management Units in the Al-Pac Forest Management Area, under two scenarios: (1) the Preferred Forest Management Scenario (PFM) that included harvest deferral within caribou habitats (green line); and (2) the Ecosystem-Based Management/Natural Disturbance Model Scenario (EBM) without harvest deferral (blue), relative to the predicted Natural Range of Variation (NRV) in Palm Warbler abundance in the absence of human footprint. Red line = mean predicted Palm Warbler abundance per Forest Management Unit in the NRV Scenario. Light blue dashed lines = 50% confidence intervals for mean predicted Palm Warbler abundance in the NRV Scenario. Black dashed lines = 95% confidence interval estimates in the NRV Scenario. SDMs predicted that Palm Warbler densities were in black spruce stands 40–80 years old, which are preferred as habitat by woodland caribou but are not harvested by Al-Pac; therefore habitat availability for and projected numbers of Palm Warblers were virtually the same under both Patchworks scenarios. Average black-spruce forest age increased in most FMUs over 50 years in the Patchworks simulations, reducing habitat for Palm Warblers, while simulated fires reduced forest age and increased habitat for these species in the NRV scenario.


Bird species associated with older coniferous forests tended to respond more positively to the PFM scenario than the EBM scenario, although the difference was relatively minor. This included Bay-breasted Warbler (−6% under PFM vs. −7% under EBM: 38525 more birds under PFM after 50 years), Boreal Chickadee (13.7% under PFM vs. 13.5% under EBM: 7209 more birds under PFM), Cape May Warbler (19.8% under PFM vs. 19.7% under EBM: 3621 more birds), Western Tanager (13% under PFM vs. 12% under EBM: 7604 more birds), and White-winged Crossbill (2.1% under PFM vs. 1.8% under EBM: 1870 more birds). Two exceptions to these pattern were that harvest deferral was predicted to result in 6422 fewer Blackpoll Warblers (−46% under PFM vs. −44% under EBM) and 718 fewer Evening Grosbeak (20% under PFM vs. 21% under EBM). Species associated with older coniferous forests increased over 50 years except for Bay-breasted Warbler and Blackpoll Warbler (Figure 4, Table 2, and Appendix I).

Except for American Three-toed Woodpecker, species associated with younger forest or open habitat exhibited lower abundance under the PFM scenario compared to the EBM scenario. This included the Black-backed Woodpecker (−46% under PFM vs. −47% under EBM: 2108 fewer birds under PFM after 50 years), Northern Flicker (7% vs. 9%: 5719 fewer birds under PFM), Olive-sided Flycatcher (8.6% under PFM vs. 9.1% under EBM: 678 fewer birds under PFM), Palm Warbler (−20.3% under PFM vs. −19.9% under EBM: 7604 fewer birds under PFM), Rusty Blackbird (−7% under PFM vs. −3% under EBM: 4420 fewer birds under PFM), and Western Wood-pewee (0.7% under PFM vs. 1.5% under EBM: 3756 more birds under EBM). Black-backed Woodpecker, Palm Warbler, and Rusty Blackbird declined over 50 years under both harvest scenarios while other species increased (Figure 4, Table 2, and Appendix I).

When we compared forest age-class amounts in Year 50 from both harvest scenarios, we did not find large percent differences in the amount of each forest age-class. Four percent of the forest-age classes were ≥50% more abundant by Year 50 under the PFM scenario, particularly black spruce < 20 years old, but also some mixed-wood and white spruce 20–60 years old. Just over one percent of the forest-age classes were >50% less abundant under the PFM scenario than the EBM scenario, primarily pine <20 years old originating from harvest. Nearly 95% of forest age-classes across all forest management units showed smaller relative differences among the harvest scenarios (Appendix II).

Average forest age increased over time in both harvest scenarios. On average in Year 0, most quarter-sections in the FMA were dominated by deciduous and mixed-wood forests <60 years old and coniferous forests <80 years old. By Year 50 in both harvest scenarios, much of the FMA had become dominated by older forests (Figure 7), with relatively large gains in the percent cover of black spruce and pine >80 years old in each quarter-section. Mixed-wood and white spruce occupied small proportions of the FMA across the whole period and large tracts of older deciduous forest were strongly reduced in both scenarios over 50 years (Figure 8). However, by Year 50, declines in deciduous and mixed-wood forests >60 years old and white spruce >80 years old were offset by new older stands that developed from harvested areas existing prior to Year 0 of the harvest scenarios (Appendices I, II).
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FIGURE 7. Distribution of all older forests (deciduous and mixed-wood forest stands > 60 years old and black spruce, pine, and white-spruce stands > 80 years old, regardless of origin from fires or harvest) in the Al-Pac Forest Management Area (FMA): (1) mean percent cover per quarter-section by all older forests in Year 0 of the Preferred Forest Management (PFM) scenario that included harvest deferral within caribou habitats (top left); (2) mean percent cover per quarter-section by all older forests in Year 50 of the PFM scenario (top right); (3) change in mean percent cover per quarter-section by all older forests over 50 years under the PFM scenario (bottom left); (4) change in mean percent cover per quarter-section by all older forests over 50 years under the Ecosystem-Based Management/Natural Disturbance Model (EBM) scenario without harvest deferral (bottom right). The increase in percent cover of older forests over time was dominated by increases in older black spruce and pine.
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FIGURE 8. Distribution of all deciduous forest stands > 60 years old, regardless of origin from fires or harvest, in the Al-Pac Forest Management Area (FMA): (1) mean percent cover per quarter-section by older deciduous forests in Year 0 of the Preferred Forest Management (PFM) scenario that included harvest deferral within caribou habitats (top left); (2) mean percent cover per quarter-section by older deciduous forests in Year 50 of the PFM scenario (top right); (3) change in mean percent cover per quarter-section by older deciduous forests over 50 years under the PFM scenario (bottom left); (4) change in mean percent cover per quarter-section by older deciduous forests over 50 years under the Ecosystem-Based Management/Natural Disturbance Model (EBM) scenario without harvest deferral (bottom right). The amount of older deciduous forests in some areas with larger concentrations was strongly reduced over 50 years in both scenarios, but new forests > 60 years old developed from cutblocks harvested prior to Year 0.




Natural Range of Variation

Most species associated with older coniferous, mixed-wood, or deciduous forests were projected to be more abundant under the harvest scenarios than in the NRV scenario (Figures 4–6 and Table 1), or after 50 years were at the higher end of the number predicted in the NRV scenario. These increases are presumably due to greater amounts of older deciduous and coniferous (Figure 8) rather than mixed-wood forests after 50 years in both harvest scenarios, since older mixed-wood forests were still uncommon after 50 years in both harvest scenarios. We generally projected more deciduous and fewer young mixed-wood stands under the two harvest scenarios than in the NRV scenario (Figure 9 and Appendix II). The amounts of deciduous and mixed-wood age-classes in the harvest scenarios were based on the initial amounts in the Alberta Vegetation Inventory, in which many natural mixed-wood stands had already been harvested and converted to either pure coniferous or deciduous stands during replanting (Hobson and Bayne, 2000). Blackpoll Warbler was less abundant under the harvest scenarios than the NRV scenario, possibly because fires in the NRV scenario created enough alternative habitat that this species could use.
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FIGURE 9. Predicted amounts of different forest age-classes over time (year 0–50, where year 0 = 2016) totaled for the Al-Pac Forest Management Area, under two scenarios: (1) the Preferred Forest Management (PFM) scenario that included harvest deferral within caribou habitats (green line); and (2) the Ecosystem-Based Management/Natural Disturbance Model (EBM) scenario without harvest deferral (blue), relative to the median amount of those forest age-classes predicted from the Natural Range of Variation (NRV) Scenario in the absence of human footprint. (1) Forest types 0–9 and 10–19 years old were treated separately when predicting bird abundance but were combined to simplify display in these plots; (2) Mixed-wood and white spruce were treated separately when predicting bird abundance in the Patchworks scenarios but were combined in these plots for comparison against the NRV Scenario. The reason for doing so is that so little pure white spruce occurred in simulations of the NRV Scenario that white spruce was treated as older mixed-wood forests when predicting bird density.


Most of the analyzed species that were associated with younger or open habitats in boreal forests were more abundant under the NRV scenario than either harvest scenario (Figure 4 and Table 1). We reasoned that as the overall forest age structure became older, forests became less suitable for most of these species. Young pine and black spruce stands may have been less abundant while older pine and black spruce were more abundant under the harvest scenarios due to fire suppression: under the NRV scenario, fires were more likely to burn older pine and black spruce, converting burned stands to young stands (Figure 9). In contrast, American Three-toed Woodpecker and Olive-sided Flycatcher, which are associated with burns within boreal forests, were more abundant under the harvest scenarios than the NRV scenario, despite the fact that there would be fewer forests or open areas after 50 years in the harvest scenarios. Since these two are tree-nesters that forage on or from trees (in contrast to the other species that nest in trees or shrubs but forage in clearings), fire rates associated with the NRV scenario over 1000 simulation-years may be reducing some important habitat features for these species, even if fire is associated with habitat for these species.

While we focused on analyses of 20 bird species for this paper, we have included scripts for running the same Patchworks and NRV analyses on other species at https://github.com/borealbirds/Patchworks-NRV-cure4insect.



Cumulative Effects

When we considered cumulative effects of harvest, fire, and habitat conversion by non-forestry footprint, 13 of 20 species increased under current rates of fire, harvest, and energy sector development (“Al-Pac BAU Scenario”), with the largest increases being observed for American Three-toed Woodpecker (126%) and Black-throated Green Warbler (120%). The declining species were Bay-breasted Warbler, Blackpoll Warbler, Ovenbird, Palm Warbler, and Rusty Blackbird (as in the harvest scenarios), and Boreal Chickadee and White-winged Crossbill (unlike in the harvest scenarios). The largest decrease was observed for Rusty Blackbird (42%) (Figure 10 and Table 3).
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FIGURE 10. Projected mean density (# males/ha) of 20 species in the Al-Pac Forest Management Area (FMA) over 50 years under 5 land use scenarios. Projected population size can be calculated by multiplying mean density by the number of hectares in the Al-Pac FMA (6,563,755). All scenarios share the same amount and locations of harvest disturbances. “Al-Pac BAU” (violet line) assumes that some forest habitat is either set back by fire or converted to other land uses by energy sector development but also by agriculture and urbanization. “Seismic Restoration” (gold line) assumes the same amount and location of fire, harvest, and non-forestry footprint as “Al-Pac BAU,” but also assumes that seismic lines are successfully reclaimed and start regenerating to forests. “No Fire” (dark blue line) assumes that no future forests are burned by fire, but levels of conversion to non-forest habitats are the same as in “Al-Pac BAU”. “No Energy” (light blue line) assumes that no new energy sector development occurs, but levels of fire and conversion to other non-forest habitats are the same as in “Al-Pac BAU.” “Increased Fire” (red line) assumes that the same amount of forest habitat is converted to other land uses like energy sector development, agriculture, and urbanization as “Al-Pac BAU,” but twice the amount of forest is burned each decade, reducing older forests relative to “Al-Pac BAU”. Generally as the amount of simulated disturbance increases from least (“No Energy,” “No Fire”) to most (“Increased Fire), species associated with older forests are more likely to decline or less likely to increase, while species associated with younger or mature forests are more likely to increase or less likely to decrease.



TABLE 3. Initial population size and projected percent change in population of 20 species in the Al-Pac FMA over 50 years under 5 land use scenarios, along with projected response of each species to simulated current fire rates, doubled fire rates, energy sector development without seismic line restoration, and energy sector development with seismic line restoration.

[image: Table 3]In general, species that were more abundant under the harvest scenarios than the NRV scenario were relatively less abundant under a higher burn rate. This negative response was measured as a larger decrease or smaller increase in the “Increased Fire” scenario relative to the “Al-Pac BAU” scenario and/or as a larger decrease or smaller increase in the “Al-Pac BAU” scenario relative to the “No Fire” scenario (Figure 11). Most species associated with older forests, along with American Three-toed Woodpecker and Olive-sided Flycatcher, were more abundant in the harvest scenarios than the NRV scenario and also responded negatively to fire in the cumulative effects scenarios. The negative effect of fire on Olive-sided Flycatcher was small: Olive-sided Flycatcher increased in all scenarios but increased less over 50 years in the “Increased Fire” scenario (5%) than the “Al-Pac BAU” scenario (6%) and “No Fire” scenario (9%). The largest negative responses (≥25% difference between “Al-Pac BAU” and “No Fire” population projections at year 50) were for American Three-toed Woodpecker, Black-throated Green Warbler, Brown Creeper, Canada Warbler, and Cape May Warbler. An exception to the pattern was Ovenbird, which responded positively to fire in the cumulative effects scenarios. It is worth noting, however, that Ovenbird densities were initially reduced by a higher fire rate until near the end of 50 years in the cumulative effects scenarios (Figure 10). Other species that responded positively to a higher fire rate (Blackpoll Warbler, Black-backed Woodpecker, Northern Flicker, Palm Warbler, and Rusty Blackbird) were more abundant in the NRV scenario than the harvest scenarios (Figure 10 and Table 3).
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FIGURE 11. Mean density (#birds/ha) and distribution of Cape May Warbler – a songbird that responded negatively to fire and energy sector development - in the Al-Pac Forest Management Area (FMA) under four cumulative effects scenarios in ALCES Online: (1) harvest from the Preferred Forest Management (PFM) scenario + current burn rate + moderate energy sector development over 50 years (“Al-Pac BAU” scenario) (top left); (2) harvest from the PFM scenario + 2*current burn rate + moderate energy sector development over 50 years (“Increased Fire” scenario) (top right); (3) harvest from the PFM scenario + no fire + moderate energy sector development over 50 years (“No Fire” scenario) (bottom left); (4) harvest from the PFM scenario + current burn rate + no energy sector development over 50 years (“No Energy” scenario) (bottom right).


Most (16 of 20) species responded negatively to energy sector development in the cumulative effects scenarios. This negative response was measured as a larger increase or smaller decrease in the “No Energy” scenario relative to the “Al-Pac BAU” scenario and/or as a larger decrease or smaller increase in the “Al-Pac BAU” scenario relative to the “No Energy” scenario. The largest negative responses (≥25% difference between “Al-Pac BAU” and “No Energy” population projections at year 50) were observed for Black-throated Green Warbler, Canada Warbler, and Western Tanager. Species responding positively to energy sector development were limited to Blackpoll Warbler, Black-backed Woodpecker, Rusty Blackbird, and White-winged Crossbill (Figure 10 and Table 3).

Twelve of sixteen species that responded negatively to simulated levels of energy sector development responded positively to restoration of seismic lines. The largest positive responses to seismic line reclamation (≥5% difference between “Al-Pac BAU” and “Seismic Restoration” population projections at year 50) were observed for Black-throated Green Warbler, Brown Creeper, Canada Warbler, and Western Tanager (Figure 10 and Table 3).



DISCUSSION


Harvest Planning for Caribou Management

In our study, outputs from Patchworks were used to predict bird species abundance under an ecosystem-based management versus caribou-conservation strategy. Differences in population projections for most birds were small with an absolute difference in percent population change between harvest scenarios < 6% on average for all species). While harvest locations differ considerably between the PFM and EBM scenarios in the first 20 years of the simulation, most forest stands over the entire FMA remained unharvested over 50 years in both scenarios as they have not yet become old enough to be harvested. We expected that the caribou-conservation strategy would have negative effects on birds that rely on large patches of older deciduous and mixed-wood forests. The SDMs on which bird population projections are based on emphasize habitat amount rather than habitat configuration per se. Our stand-level modifier that adjusts local bird density based on the amount of suitable habitat surrounding the survey location does indirectly account for patch configuration, because many metrics landscape fragmentation metrics are correlated with habitat amount (Wang et al., 2014). We also considered not only surrounding suitable habitat but amount of water and different types of human footprint at the landscape scale. We believe that a combination of these variables is predictive and interpretable, which were our main concerns from an application perspective. However, we also recognize that the concept of a patch for boreal birds is a fundamental challenge in these types of models as species with small territories may treat a clump of conifers in an otherwise deciduous-dominated forest as a patch, while a bird with a larger home range may view that same area as a mixed-wood. Taking a species-centric view of patch size is needed to address this issue in future simulations and will involve modeling local and landscape level stand characteristics by accounting for territory size differences among species (Westwood et al., 2019).

Importantly, total area harvested was similar in both the ecosystem-based management and caribou-deferral plans. After deferral ended in the PFM scenario, the same locations were eligible for harvest within both scenarios. Thus, even when large changes occurred in amounts of some forest age-classes underwent large changes, there ended up being similar amounts of most forest age-class types in both scenarios at the end of 50 years. As a result, habitat available for and predicted abundance of bird species in the FMA was similar in both scenarios after 50 years. Some studies suggest that habitat configuration and fragmentation effects are insignificant for boreal birds in landscapes where forest harvest is the primary agent of habitat conversion, except in extremely fragmented landscapes (Andren, 1994; Schmiegelow and Mönkkönen, 2002).

Our harvest scenarios explored the influence of harvest deferral on one major harvest strategy underlying EBM the location of harvest areas. Apart from varying size, shape, distribution and location, our harvest areas were all assumed to be clear-cuts based on the harvest practices modeled by our SDMs. Other EBM-based practices in Canada like partial cuts, shelterwood cuts, structural retention, and understory protection have been studied throughout Canada for their effects on tree mortality (Thorpe and Thomas, 2007), subsequent tree growth (Montoro Girona et al., 2017, 2018, 2019), understory protection (Burke et al., 2008), and biodiversity (Fenton et al., 2013; Huggard et al., 2014; Charchuk and Bayne, 2018). These harvest strategies may be more appropriate than traditional clear-cuts for emulating natural disturbance in regions where forest fires are less frequent than insect outbreaks and other disturbances. As regional SDMs are developed to account for the effects of these other harvest strategies on birds and other wildlife, it will become possible and desirable to project long-term bird abundance under these other strategies, using programs like Patchworks.

Since forest stand age was not set back by fire, other natural disturbances, or non-forestry human footprint in the Patchworks scenarios, increasing average forest age explains why we projected smaller numbers of bird species associated with younger forests in Patchworks relative to the absence of human footprint (including fire suppression) in the NRV scenario. Some bird species associated with younger forests, like Olive-sided Flycatcher, also use habitats that were not modeled in the harvest scenarios (e.g., larch fens, shrublands) (Robertson and Hutto, 2007). For this reason, simulators that also model non-forested vegetation, unlike Patchworks, may provide more realistic projections of habitat available for species such as these.

Previous studies (Bichet et al., 2016; Drever et al., 2019) have quantitatively assessed if conserving or managing habitat for woodland caribou also protects significant habitat for other species. While we did not explicitly test for the role of caribou as an umbrella species for boreal birds in our study, our harvest scenario results suggest that harvest deferral for 20 years within caribou conservation zones does not have large effects on the populations of bird species across the Al-Pac FMA over 50 years. Incidentally, deferral of harvest to benefit caribou in the Al-Pac FMA resulted in more available habitat created or remaining after 50 years for several species associated with older boreal forests. These species included the federally listed Canada Warbler5 (see footnote 1) and some species of conservation interest in Alberta like Bay-breasted Warbler, Black-throated Green Warbler, and Cape May Warbler (Alberta Environment and Sustainable Resource Development, 2014). Harvest deferral was associated with reductions in two other federally listed species, Olive-sided Flycatcher (678 fewer under PFM after 50 years) and Rusty Blackbird (4420 fewer under PFM after 50 years), but the percent population change over 50 years was small for both species (<5%). Based on the species we examined, shifting harvest pressure away from landscapes containing preferred caribou habitat does not appear to have large negative consequences for other species at risk and may incidentally benefit some declining birds as well. Additional management actions for those species at risk that do decline under the harvest deferral scenario could be considered within individual F.M.U.s where there is less harvest deferral occurring.



Natural Range of Variation

It may be intuitively surprising to expect average forest age and available habitat for birds associated with older forests to increase under harvest scenarios relative to the absence of human footprint. In addition to harvest, human footprint includes active suppression of fires. Recent fires like the Horse River Fire created many newly initiated forest stands in the Al-Pac FMA in the years just prior to this study. In fact, some of these fires may have been more severe in areas with a long history of fire suppression, due to accumulation of flammable material (Arienti et al., 2006). As a result, the average forest age in the Al-Pac FMA was low relative to other boreal forest regions in Alberta, in Year 0 of the Patchworks and ALCES Online scenarios. Since harvest resets forest age for only a small proportion of the total available forest, forest age will on average increase in the absence of other forest disturbances.

An assumption underlying some harvest scenario results (the projected increases bird species associated with older forests) is that fire suppression by humans is completely successful. If that assumption is unmet (Arienti et al., 2006), then projected increases of many bird species with increasing forest age will be smaller or even turn to decreases. It should also be noted that the NRV scenario was based on current burn rates but burn rates in boreal forests are predicted to increase with climate change in Canada (Bhatti et al., 2003; Krawchuk et al., 2009). Finally, it should be noted that the NRV scenario modeled only one natural disturbance, fire, but other disturbances like droughts, wind-throw, beavers, and insect outbreaks could also affect tree mortality and hence forest age structure and habitat availability for birds (Seidl et al., 2017; Navarro et al., 2018; Cadieux et al., 2020). These disturbances could further reduce habitat for species associated with older forests while creating habitat for other species. Furthermore, these disturbances are also expected to increase with climate change (Seidl et al., 2017; Navarro et al., 2018; Cadieux et al., 2020).



Cumulative Effects

Bird species associated with older forests (Black-throated Green Warbler, Brown Creeper, Canada Warbler, Cape May Warbler) generally increased over 50 years in both the Patchworks and ALCES Online scenarios emphasizing that the forest age still increased over time throughout the Al-Pac FMA in the cumulative effect scenarios. However, fire and energy sector development generally reduced habitat for these species, resulting in smaller projected increases relative to the “No Fire” and “No Energy” scenarios. Forest disturbance by energy sector development in northeastern Alberta is substantial: in years prior to the global economic downturn of 2008 it was even comparable to the amount of harvest by the forestry sector (Schneider and Dyer, 2006; Brownsey and Rainer, 2009).

Surprisingly, fire and energy sector development also reduced habitat for Olive-sided Flycatchers in the NRV and ALCES Online scenarios, despite the species’ preference for younger forest stands, burns, shrublands, and open lands as habitat (Robertson and Hutto, 2007). However, the negative response of Olive-sided Flycatchers to fire was small relative to species associated with older forests. Doubling the burn rate reduced the population growth rate of this species relative to the “Al-Pac BAU scenario) from 6% to 5% while a scenario lacking fire had 9% population growth. Since this species nests in coniferous trees, which had a higher burn probability in the scenarios, the simulated fires might have reduced some nesting habitat for this species even while theoretically creating more open habitat for this species.

Another surprising result was that Ovenbird responded positively to a higher fire rate, which was contrary to the species’ lower abundance in the NRV scenario which also incorporated fire. Ovenbirds are associated with mature rather than old deciduous and mixed-wood forests and it is possible that simulated rates of fire in the ALCES Online scenarios created enough new suitable habitat over 50 years for Ovenbirds to exhibit a positive fire response. In contrast, the NRV scenario simulated rates of fire over 1000 years, which may have been long enough for fires to reduce the amount of suitable habitat available on average to Ovenbirds. This incidental result suggests the importance of considering temporal scale when simulating cumulative effects on boreal birds.

When projecting future populations of species, the assumptions underlying forest disturbance, regrowth, and age matter greatly. Due to the assumptions underlying the harvest and cumulative effects scenarios, forests aged over time in the simulations and so habitat increased for bird species of older forests in our harvest scenarios. Although most species increased during the 50-year simulation period, the negative effect of a higher fire rate suggests that population declines could occur if anthropogenic climate change in Alberta’s boreal forests results in more area burned than what we simulated (Bhatti et al., 2003; Krawchuk et al., 2009). Given that forest fire suppression is imperfect (Arienti et al., 2006), forest fires are likely to increase in the future in Alberta. Further, tree species successfully regenerate at different rates after fires (Lieffers et al., 2003; Johnstone et al., 2010) and different kinds of harvest (Montoro Girona et al., 2017, 2018, 2019), so future simulation modeling efforts will need to account for differing levels and additional impacts of forest fires and other climate factors (e.g., increased drought) on stand replacement and habitat available to boreal birds (Cadieux et al., 2020). Exception for the higher fire rate scenario, we did not explicitly model climate change in our ALCES Online scenarios, which occurred over a shorter time frame than in Cadieux et al. (2020). The negative effect of doubling the amount of fire on the species we analyzed was consistent with negative population projections of boreal songbird species in other studies (Mahon et al., 2014; Stralberg et al., 2015; Cadieux et al., 2020).

Increases in non-forestry footprint, due mainly to the energy sector, were associated with larger reductions of bird species associated with older boreal forests, consistent with a previous study (Bayne et al., 2016). Some energy sector footprints like seismic lines are intended to be temporary and left to regenerate to forest, although regeneration has been variable along seismic lines in boreal forests (Lee and Boutin, 2006). The “Seismic Restoration” scenario created habitat for some federally or provincially listed species (66294 Bay-breasted Warblers, 16245 more Black-throated Green Warblers, 81555 more Brown Creepers, 820 more Canada Warblers, and 328 more Olive-sided Flycatchers) in the Al-Pac FMA over 50 years. Seismic restoration is one strategy being explored for improving woodland caribou habitat (Bentham and Coupal, 2015; Kansas et al., 2015). Our results suggest that just as deferral of harvest to benefit caribou did not have strong negative effects on boreal birds, restoring habitat for woodland caribou incidentally may have positive effects for some declining boreal bird species as well.

In theory, we could have tried to use one simulator to model all disturbances. ALCES Online can already do this for harvest, fire, non-forestry footprint. Another program, LANDIS-II, has been used to simulate multiple forest disturbance types like harvest, fire, windthrow, and insect outbreaks in many wildlife studies (e.g., Cadieux et al., 2020). However, these simulators do not yet account for many of the factors (e.g., socioeconomic) that must be considered in harvest plans, whereas Patchworks does. Similarly, Patchworks can now account for other disturbance types besides harvest, but these other disturbance types are not usually of interest to forestry companies, and simulators like ALCES Online are more versatile in modeling multiple disturbance types. ALCES Online can be used to remove human footprint from landscapes to simulate a lack of human footprint as in the NRV scenario; however, the NRV scenario simulator that we ran based on LANDMINE gave us estimates of uncertainty in habitat amounts, which allowed us to estimate uncertainty in bird abundance in the absence of human footprint.



CONCLUSION

This study is one of the first attempts to predict abundance of bird species under two harvest plans in response to habitat management for another species, and to compare those predictions with the likely NRV in those species’ numbers in the absence of harvest, as well as with the presence of other human footprint in a northeastern Alberta landscape. By regulation, forestry companies develop forestry harvest plans in the absence of input and knowledge of activities from other industrial sectors in Alberta, because government oversight of industries is sector by sector and integrated land management is still uncommon (Kennett, 2006). In the case of forestry, forest management plans are updated every 10 years, thus allowing for the accounting of needs for both the forestry sector and wildlife such as caribou and boreal birds. Harvest scheduling software like Patchworks, when linked with wildlife SDMs, can be used to project the impact of strategic harvest plans on wildlife. In our study, we found that deferring harvest for 20 years in merchantable forest stands embedded within preferred caribou harvest was unlikely to adversely affect overall populations of boreal bird species associated with those stand types. These projections can make sense in the short-term because the location and extent of other industrial footprints are uncertain. However, given that substantial amounts of forest habitat can be removed by increases in fire (Bhatti et al., 2003; Krawchuk et al., 2009) and non-forestry sectors (Schneider and Dyer, 2006; Brownsey and Rainer, 2009), accounting for these additional non-forestry disturbances and sources of potential habitat loss is needed to evaluate fully how species could respond over the long term to “all” forms of disturbance. We found that inclusion of fire and energy sector development in addition to forestry led to lower habitat projections for most species that we analyzed, and that restoring energy sector footprint (seismic lines) to benefit caribou also benefited bird species. By projecting species abundance under a range of scenarios involving multiple industrial sectors and natural disturbance, cumulative effects simulators could facilitate future integrated landscape management for wildlife in Alberta.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



AUTHOR CONTRIBUTIONS

LL developed the manuscript, figures, and appendix, created three ALCES Online scenarios modified from the baseline scenario created by MC, and generated predictions of bird species abundance for the Patchworks, NRV, and ALCES Online scenarios in this manuscript. EB and ED helped conceive the overall study design and edited the manuscript. PS developed the bird species distribution models used to make predictions in this manuscript, developed the cure4insect package in R for generating predictions from GIS outputs, and edited the manuscript. TM developed the Patchworks scenarios and simulations and edited this manuscript. DA developed the NRV scenario and simulation and edited this manuscript. DC edited this manuscript. MC developed the baseline ALCES Online scenario and Seismic Restoration scenario and simulations in this manuscript and edited this manuscript. All the authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by Alberta-Pacific Forest Industries Inc., and the Government of Canada through Mitacs Accelerate grants (Numbers IT07731 and IT11327). PS and EB developed the SDMs whose predictions were used in this manuscript. TM at Spatial Planning Systems developed the Patchworks harvest scenarios used in this manuscript. DA at Bandaloop Landscape-Ecosystem Services developed the NRV scenario used in this manuscript. MC at the Integral Ecology Group developed the ALCES Online cumulative effects scenarios used in this manuscript.


ACKNOWLEDGMENTS

This publication is a contribution of the Boreal Avian Modelling (BAM) Project, an international research collaboration on the ecology, management, and conservation of boreal birds. We acknowledge the contributions of the Boreal Avian Modelling (BAM) Project, avian and biophysical data partners, technical committee members, and funding agencies (including Environment and Climate Change Canada and the U.S. Fish and Wildlife Service), listed in full at https://borealbirds.ualberta.ca/about-us/partners-sponsors/. This research was enabled in part by support provided by WestGrid (http://www.westgrid.ca), Compute Canada Calcul Canada (http://www.computecanada.ca).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fevo.2020.00252/full#supplementary-material

APPENDIX I | Projected changes in 20 boreal bird species and multiple forest age classes over 50 years, based on the resulting forest age-structure over time from the Patchworks and NRV scenarios described in this paper. R project scripts are available online at https://github.com/borealbirds/Patchworks-NRV-cure4insect for readers to generate projections for other bird species from the raw data (habitat summaries per quarter-section for both the Patchworks and NRV scenarios), using model coefficients stored in the cure4insect package.

APPENDIX II | Projected changes in multiple forest age classes over 50 years, based on the resulting forest age-structure over time from the Patchworks and NRV scenarios described in this paper.


FOOTNOTES

1
https://www.registrelep-sararegistry.gc.ca

2
https://spatial.ca/patchworks/

3
https://friresearch.ca/partner/bandaloop-landscape-ecosystem-services

4
https://www.online.alces.ca/

REFERENCES

Alberta Biodiversity Monitoring Institute (2017). Alberta Wall-to-Wall Vegetation Layer Including Backfilled Vegetation in Human Footprints (Version 6). Alberta: Alberta Biodiversity Monitoring Institute.

Alberta Biodiversity Monitoring Institute (2018). Human Footprint Inventory 2016 (Version 1). Alberta: Alberta Biodiversity Monitoring Institute.

Alberta Energy Regulator (2015). Alberta’s Energy Reserves 2014 and Supply/Demand Outlook 2015-2024. Statistical Series (ST) 2015-98. Calgary: Alberta Energy Regulator.

Alberta Energy Regulator (2016). Alberta’s Energy Reserves 2015 and Supply/Demand Outlook 2016-2025. Statistical Series (ST) 2016-98. Calgary: Alberta Energy Regulator.

Alberta Environment and Sustainable Resource Development (2014). Black-Throated Green Warbler, Bay-Breasted Warbler And Cape May Warbler Conservation Management Plan 2014-2019. Species at Risk Conservation Management Plan No. 10. Edmonton, AB: Alberta Environment and Sustainable Resource Development.

Alberta-Pacific Forest Industries Inc (2015). Alberta-Pacific FMA Area 2015 Forest Management Plan. Alberta: Alberta-Pacific Forest Industries Inc.

Allen, B., Morrison, S., Kariyeva, J., Sparkes, S., Hutchings, C., Hricko, B., et al. (2019). Data Collection. In: Alberta Biodiversity Monitoring Institute (ABMI), ABMI 10-Year Science And Program Review. pp. 29–64. Available online at: https://abmi10years.ca/10-year-review/resources/ (accessed February 1, 2020).

Andison, D. W. (1996). Managing for Landscape Patterns In The Sub-Boreal Forests of British Columbia. Dissertation, University of British Columbia, Vancouver, BC.

Andison, D. W. (2003). “Chapter 12. Tactical forest planning and landscape design,” in Towards Sustainable Management of the Boreal Forest, eds P. J. Burton, C. Messier, D. W. Smith, and W. L. Adamowicz (Ottawa, ON: National Research Canada Press), 433–480.

Andison, D. W. (2005). Natural Levels Of Forest Age-Class Distribution On The Alberta-Pacific FMA. Vancouver, BC: Bandaloop Landscape-Ecosystem Services.

Andison, D. W., and Forest, F. M. (2000). Landscape-Level Fire Activity On Foothills And Mountain Landscapes Of Alberta. Alberta Foothills Disturbance Ecology Research Series Report No. 2. Foothills Model Forest. FRI Dehradun: Forest Research Institute.

Andren, H. (1994). Effects of habitat fragmentation on birds and mammals in landscapes with different proportions of suitable habitat: a review. Oikos 71, 355–366.

Angelstam, P. K. (1998). Maintaining and restoring biodiversity in European boreal forests by developing natural disturbance regimes. J. Veget. Sci. 9, 593–602. doi: 10.2307/3237275

Arienti, M. C., Cumming, S. G., and Boutin, S. (2006). Empirical models of forest fire initial attack success probabilities: the effects of fuels, anthropogenic linear features, fire weather, and management. Can. J. Forest Res. 36, 3155–3166. doi: 10.1139/x06-188

Ball, J. R., Sólymos, P., Schmiegelow, F. K. A., Haché, S., Schieck, J., and Bayne, E. M. (2016). Regional habitat needs of a nationally listed species, Canada Warbler Cardellina canadensis, in Alberta, Canada. Avian Cons. Ecol. 11:10. doi: 10.5751/ACE-00916-110210

Bayne, E., Leston, L., Mahon, C. L., Sólymos, P., Machtans, C., Lankau, H., et al. (2016). Boreal bird abundance estimates within different energy sector disturbances vary with point count radius. Condor Ornith. Appl. 118, 376–390. doi: 10.1650/condor-15-126.1

Bentham, P., and Coupal, B. (2015). Habitat restoration as a key conservation lever for woodland caribou: a review of restoration programs and key learnings from Alberta. Rangifer 35, 123–147.

Bernier, P. Y., Gauthier, S., Jean, P.-O., Manka, F., Boulanger, Y., Beaudoin, A., et al. (2016). Mapping local effects of forest properties on fire risk across Canada. Forests 7, 1–11.

Bhatti, J., van Kooten, G. C., Apps, M. J., Laird, L. D., Campbell, I. D., Campbell, C., et al. (2003). “Chapter 20. Carbon balance and climate change in boreal forests,” in Towards Sustainable Management of the Boreal Forest, eds P. J. Burton, C. Messier, D. W. Smith, and W. L. Adamowicz (Ottawa, ON: National Research Canada Press), 799–856.

Bichet, O., Dupuch, A., Hebert, C., Le Borgne, H., and Fortin, D. (2016). Maintaining animal assemblages through single-species management: the case of threatened caribou in boreal forest. Ecol. Appl. 26, 612–623. doi: 10.1890/15-0525

Boulanger, Y., Gauthier, S., and Burton, P. J. (2014). A refinement of models projecting future Canadian fire regimes using homogeneous fire regime zones. Can. J. For. Res. 44, 365–376. doi: 10.1139/cjfr-2013-0372

Brownsey, K., and Rainer, J. (2009). Integrated land management in Alberta: from economic to environmental integration. Policy Soc. 28, 125–137. doi: 10.1016/j.polsoc.2009.05.002

Burke, D. M., Elliott, K. A., Holmes, S. B., and Bradley, D. (2008). The effects of partial harvest on the understory vegetation of southern Ontario woodlands. For. Ecol. Manag. 255, 2204–2212. doi: 10.1016/j.foreco.2007.12.032

Cadieux, P., Boulanger, Y., Cyr, D., Taylor, A. R., Price, D. T., Sólymos, P., et al. (2020). Projected effects of climate change on boreal bird community accentuated by anthropogenic disturbances in western boreal forest, Canada. Divers. Distrib. 26, 668–682. doi: 10.1111/ddi.13057

Carlson, M., Browne, D., and Callaghan, C. (2019). Application of land-use simulation to protected area selection for efficient avoidance of biodiversity loss in Canada’s western boreal region. Land Use Policy 82, 821–831. doi: 10.1016/j.landusepol.2019.01.015

Carlson, M., and Stelfox, B. (2014). “Alberta oil sands development and risk management of Canadian boreal ecosystems,” in Peak Oil, Economic Growth, and Wildlife Conservation, eds J. E. Gates, D. L. Trauger, and B. Czech (New York, NY: Springer), 219–244. doi: 10.1007/978-1-4939-1954-3_11

Carlson, M., Stelfox, B., Purves-Smith, N., Straker, J., Berryman, S., Barker, T., et al. (2014). “ALCES Online: web-delivered scenario analysis to inform sustainable land-use decisions,” in Proceedings of the 7th International Congress on Environmental Modelling and Software, eds D. P. Ames, N. W. T. Quinn, and A. E. Rizzoli (San Diego, CA: International Environmental Modelling and Software Society), 1–8.

Chandler, R., and Hepinstall-Cymerman, J. (2016). Estimating the spatial scales of landscape effects on abundance. Landsc. Ecol. 31, 1383–1394. doi: 10.1007/s10980-016-0380-z

Charchuk, C., and Bayne, E. M. (2018). Avian community response to understory protection harvesting in the boreal forest of Alberta, Canada. For. Ecol. Manag. 407, 9–15. doi: 10.1016/j.foreco.2017.10.033

DeLong, S. C., and Tanner, D. (1996). Managing the pattern of forest harvest: lessons from wildfire. Biodiver. Cons. 5, 1191–1205. doi: 10.1007/bf00051571

Drapeau, P., Leduc, A., Giroux, J. F., Savard, J. P. L., Bergeron, Y., and Vickery, W. L. (2000). Landscape-scale disturbances and changes in bird communities of boreal mixed-wood forests. Ecol. Monogr. 70, 423–444. doi: 10.1890/0012-9615(2000)070[0423:lsdaci]2.0.co;2

Drever, R. D., Hutchison, C., Drever, M. C., Fortin, D., Johnson, C. A., and Wiersma, Y. F. (2019). Conservation through co-occurrence: woodland caribou as a focal species for boreal biodiversity. Biol. Conserv. 232, 238–252. doi: 10.1016/j.biocon.2019.01.026

Dyer, S. J., O’Neill, J. P., Wasel, S. M., and Boutin, S. (2001). Avoidance of industrial development by woodland caribou. J. Wildl. Man. 65, 531–542.

Dyer, S. J., O’Neill, J. P., Wasel, S. M., and Boutin, S. (2002). Quantifying barrier effects of roads and seismic lines on movements of female woodland caribou in northeastern Alberta. Can. J. Zool. 80, 839–845. doi: 10.1139/z02-060

Dzus, E., Grover, B., Dyer, S., Cheyne, D., Pope, D., and Schieck, J. (2009). “Setting, implementing and monitoring targets as a basis for adaptive management: a Canadian forestry case study,” in Setting Conservation Targets for Managed Forest Landscapes, eds M.-A. Villard and B. G. Jonsson (Cambridge: Cambridge University Press), 352–392. doi: 10.1017/cbo9781139175388.018

Fenton, N. J., Imbeau, L., Work, T., Jacobs, J., Bescond, H., Drapeau, P., et al. (2013). Lessons learned from 12 years of ecological research on partial cuts in black spruce forests of northwestern Québec. For. Chronicle 89, 350–359. doi: 10.5558/tfc2013-065

Gauthier, S., Bernier, P., Kuuluvainen, T., Shvidenko, A. Z., and Schepaschenko, D. G. (2015). Boreal forest health and global change. Science 349, 819–822.

Government of Alberta (2006). Forest Management Planning Standard. Edmonton, AB: Government of Alberta.

Hebert, D., Harvey, B., Wasel, S., Dzus, E. H., Donnelly, M., Robert, J., et al. (2003). “Chapter 22. Implementing sustainable forest management: some case studies,” in Towards Sustainable Management of the Boreal Forest, eds P. J. Burton, C. Messier, D. W. Smith, and W. L. Adamowicz (Ottawa, ON: National Research Canada Press), 893–952.

Hobson, K. A., and Bayne, E. (2000). Breeding bird communities in boreal forest of western Canada: consequences of unmixing the mixedwoods. Condor 102, 759–769. doi: 10.1093/condor/102.4.759

Hobson, K. A., and Schieck, J. (1999). Changes in bird communities in boreal mixedwood forest: harvest and wildfire effects over 30 years. Ecol. Appl. 9, 849–863. doi: 10.1890/1051-0761(1999)009[0849:cibcib]2.0.co;2

Huggard, D. J., Grover, B. E., Dzus, E., Smith, M., and Schieck, J. (2014). Effectiveness monitoring for biodiversity: comparing 15 year old structural retention harvest areas to fires in boreal aspen. Can. J. For. Res. 45, 153–161. doi: 10.1139/cjfr-2014-0091

Imbeau, L., Mönkkönen, M., and Desrochers, A. (2001). Long-term effects of forestry on birds of the eastern Canadian boreal forests: a comparison with Fennoscandia. Cons. Biol. 15, 1151–1162. doi: 10.1046/j.1523-1739.2001.0150041151.x

Johnstone, J. F., Hollingsworth, T. N., Chapin, F. S. III, and Mack, M. C. (2010). Changes in fire regime break the legacy lock on successional trajectories in Alaskan boreal forest. Glob. Chang. Biol. 16, 1281–1295. doi: 10.1111/j.1365-2486.2009.02051.x

Kansas, J. L., Charlebois, M. L., and Skatter, H. G. (2015). Vegetation recovery on low impact seismic lines in Alberta’s oil sands and visual obstruction of wolves (Canis lupus) and woodland caribou (Rangifer tarandus caribou). Can. Wildl. Biol. Man. 4, 137–149.

Kennett, S. (2006). Integrated Landscape Management In Canada: Getting From Here To There. Calgary, Alberta: Canadian Institute of Resources Law.

Krawchuk, M. A., Cumming, S. G., and Flannigan, M. D. (2009). Predicted changes in fire weather suggest increases in lightning fire initiation and future area burned in the mixedwood boreal forest. Clim. Chang. 92, 83–97. doi: 10.1007/s10584-008-9460-7

Kuuluvainen, T., and Gauthier, S. (2018). Young and old forest in the boreal: critical stages of ecosystem dynamics and management under global change. For. Ecosys. 5:26.

Kuuluvainen, T., and Grenfell, R. (2012). Natural disturbance emulation in boreal forest ecosystem management—theories, strategies, and a comparison with conventional even-aged management. Can. J. For. Res. 42, 1185–1203. doi: 10.1139/x2012-064

Latham, A. D. M., Latham, M. C., McCutchen, N. A., and Boutin, S. (2011). Invading white-tailed deer change wolf-caribou dynamics in northeastern Alberta. J. Wildl. Man. 75, 204–212. doi: 10.1002/jwmg.28

Lavoie, J., Montoro Girona, M., and Morin, H. (2019). Vulnerability of conifer regeneration to spruce budworm outbreaks in the Eastern Canadian boreal forest. Forests 10:850. doi: 10.3390/f10100850

Lee, P., and Boutin, S. (2006). Persistence and developmental transition of wide seismic lines in the western boreal plains of Canada. J. Environ. Man. 78, 240–250. doi: 10.1016/j.jenvman.2005.03.016

Lieffers, V. J., Messier, C., Burton, P. J., Ruel, J.-C., and Glover, B. E. (2003). “Chapter 13. Nature-based silviculture for sustaining a variety of boreal forest values,” in Towards Sustainable Management of the Boreal Forest, eds P. J. Burton, C. Messier, D. W. Smith, and W. L. Adamowicz (Ottawa, ON: National Research Canada Press), 481–530.

Mahon, C. L., Bayne, E. M., Sólymos, P., Matsuoka, S. M., Carlson, M., Dzus, E., et al. (2014). Does expected future landscape condition support proposed population objectives for boreal birds? For. Ecol. Man. 312, 28–39. doi: 10.1016/j.foreco.2013.10.025

Mahon, C. L., Holloway, G., Solymos, P., Cumming, S. G., Bayne, E. M., Schmiegelow, F. K. A., et al. (2016). Community structure and niche characteristics of upland and lowland western boreal birds at multiple spatial scales. For. Ecol. Man. 361, 99–116. doi: 10.1016/j.foreco.2015.11.007

Messier, C., Fortin, M. J., Schmiegelow, F., Doyon, F., Cumming, S. G., Kimmins, J. P., et al. (2003). “Chapter 14. Modelling tools to assess the sustainability of forest management scenarios,” in Towards Sustainable Management of the Boreal Forest, eds P. J. Burton, C. Messier, D. W. Smith, and W. L. Adamowicz (Ottawa, ON: National Research Canada Press), 531–580.

Millington, D., and Murillo, C. A. (2015). Canadian Oil Sands Supply Costs and Development Projects (2015-2035). Calgary: Canadian Energy Research Institute.

Montoro Girona, M., Lussier, J. M., Morin, H., and Thiffault, N. (2018). Conifer regeneration after experimental shelterwood and seed-tree treatments in boreal forests: finding silvicultural alternatives. Front. Plant Sci. 9:1145. doi: 10.3389/fpls.2018.01145

Montoro Girona, M., Morin, H., Lussier, J. M., and Ruel, J. C. (2019). Post-cutting mortality following experimental silvicultural treatments in unmanaged boreal forest stands. Front. For. Glob. Chang. 2:4. doi: 10.3389/fpls.2018.0004

Montoro Girona, M., Rossi, S., Lussier, J. M., Walsh, D., and Morin, H. (2017). Understanding tree growth responses after partial cuttings: a new approach. PLoS One 12:e0172653. doi: 10.1371/journal.pone.0172653

National Energy Board (2016). Canada’s Energy Future 2016: Energy Supply and Demand Projections to 2040. Calgary, AB: Canada Energy Regulator.

Navarro, L., Morin, H., Bergeron, Y., and Girona, M. M. (2018). Changes in spatiotemporal patterns of 20th century spruce budworm outbreaks in eastern Canadian boreal forests. Front. Plant Sci. 9:1905. doi: 10.3389/fpls.2018.01905

Pickell, P. D., Andison, D. W., Coops, N. C., Gergel, S. E., and Marshall, P. L. (2015). The spatial patterns of anthropogenic disturbance in the western Canadian boreal forest following oil and gas development. Can. J. For. Res. 45, 732–743. doi: 10.1139/cjfr-2014-0546

R Core Team (2020). R: A Language And Environment For Statistical Computing. Vienna: R Foundation for Statistical Computing.

Robertson, B. A., and Hutto, R. L. (2007). Is selectively harvested forest an ecological trap for Olive-sided Flycatchers? Condor 109, 109–121. doi: 10.1093/condor/109.1.109

Rooney, R. C., Bayley, S. E., and Schindler, D. W. (2012). Oil sands mining and reclamation cause massive loss of peatland and stored carbon. Proc. Nat. Acad. Sci. U.S.A. 109, 4933–4937. doi: 10.1073/pnas.1117693108

Schieck, J., and Song, S. J. (2006). 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. 36, 1299–1318. doi: 10.1139/x06-017

Schmiegelow, F. K., and Mönkkönen, M. (2002). Habitat loss and fragmentation in dynamic landscapes: avian perspectives from the boreal forest. Ecol. Appl. 12, 375–389. doi: 10.1890/1051-0761(2002)012[0375:hlafid]2.0.co;2

Schneider, R., and Dyer, S. (2006). Death By A Thousand Cuts: Impacts of In Situ Oil Sands Development on Alberta’s Boreal Forest. Calgary, AB: Pembina Institute.

Schneider, R. R. (2019). Biodiversity Conservation In Canada: From Theory to Practice. Edmonton, AB: Canadian Centre for Translational Ecology.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., et al. (2017). Forest disturbances under climate change. Nat. Clim. Chang. 7, 395–402. doi: 10.1038/nclimate3303

Sólymos, P., Allen, B., Azeria, E. T., and White, S. R., Alberta Biodiversity Monitoring Institute, and Boreal Avian Modelling Project (2020a). Cure4insect: Custom Reporting for Intactness and Sector Effects. R Package Version 0.2-1. Available online at: https://github.com/ABbiodiversity/cure4insect (accessed February 1, 2020).

Sólymos, P., Matsuoka, S. M., Bayne, E. M., Lele, S. R., Fontaine, P., Cumming, S. G., et al. (2013). Calibrating indices of avian density from non-standardized survey data: making the most of a messy situation. Meth. Ecol. Evol. 4, 1047–1058. doi: 10.1111/2041-210x.12106

Sólymos, P., Toms, J. D., Matsuoka, S. M., Cumming, S. G., Barker, N. K. S., Thogmartin, W. E., et al. (2020b). Lessons Learned From Comparing Spatially Explicit Models And The Partners In Flight Approach To Estimate Population Sizes Of Boreal Birds In Alberta, Canada. Lincoln, MI: Condor in press.

Straatman, B., and Layzell, D. (2015) “The Candian Energy Systems Simulator (CANESS),” WhatIf? Technlologies Inc. (Calgary, AB: University of Calgary).

Stralberg, D., Matsuoka, S. M., Hamann, A., Bayne, E. M., Sólymos, P., Schmiegelow, F. K. A., et al. (2015). Projecting boreal bird responses to climate change: the signal exceeds the noise. Ecol. Appl. 25, 52–69. doi: 10.1890/13-2289.1

Stralberg, D., Wang, X., Parisien, M. A., Robinne, F. N., Sólymos, P., Mahon, C. L., et al. (2018). Wildfire-mediated vegetation change in boreal forests of Alberta, Canada. Ecosphere 9:e02156. doi: 10.1002/ecs2.2156

Sturtevant, B. R., Fall, A., Kneeshaw, D. D., Simon, N. P. P., Papaik, M. J., Berninger, K., et al. (2007). A toolkit modeling approach for sustainable forest management planning: achieving balance between science and local needs. Ecol. Soc. 12:7.

Thorpe, H. C., and Thomas, S. C. (2007). Partial harvesting in the Canadian boreal: success will depend on stand dynamic responses. For. Chronicle 83, 319–325. doi: 10.5558/tfc83319-3

Villard, M. A., Trzcinski, M. K., and Merriam, G. (1999). Fragmentation effects on forest birds: relative influence of woodland cover and configuration on landscape occupancy. Cons. Biol. 13, 774–783. doi: 10.1046/j.1523-1739.1999.98059.x

Wang, T., Hamann, A., Spittlehouse, D. L., and Murdock, T. Q. (2012). ClimateWNA-high-resolution spatial climate data for western North America. J. Appl. Meteorol. Climatol. 51, 16–29. doi: 10.1175/jamc-d-11-043.1

Wang, X., Blanchet, F. G., and Koper, N. (2014). Measuring habitat fragmentation: an evaluation of landscape pattern metrics. Meth. Ecol. Evol. 5, 634–646. doi: 10.1111/2041-210x.12198

Westwood, A. R., Staicer, C., Sólymos, P., Haché, S., Fontaine, T., Bayne, E., et al. (2019). Estimating the conservation value of protected areas in Maritime Canada for two species at risk: the olive-sided flycatcher (Contopus cooperi) and Canada Warbler (Cardellina canadensis). Avian Cons. Ecol. 14:16.

Wilson, B., Stelox, J. B., and Patriquin, M. (2008). “Data inputs and assumptions,” in Terrestrial Ecosystem Management Framework for the Regional Municipality of Wood Buffalo, Silvatech Consulting Ltd. (Fort McMurray, AB: Cumulative Environmental Management Association), 60–128. Available online at: http://library.cemaonline.ca/ckan/dataset/fa0531a0-f485-4cd5-8d1d-2007a417ffbd/resource/3157fbf9-271f-4eea-979b-91e479e50284/download/temffinalpackage.pdf (accessed July 18, 2020).

Wittmer, H. U., McLellan, B. N., Serrouya, R., and Apps, C. D. (2007). Changes in landscape composition influence the decline of a threatened woodland caribou population. J. Anim. Ecol. 76, 568–579. doi: 10.1111/j.1365-2656.2007.01220.x

Youden, W. J. (1950). Index for rating diagnostic tests. Cancer 3, 32–35. doi: 10.1002/1097-0142(1950)3:1<32::aid-cncr2820030106>3.0.co;2-3

Conflict of Interest: ED and DC were employed by the company Alberta-Pacific Forest Industries Inc. TM was employed by Spatial Planning Systems. DA was employed by Bandaloop Landscape-Ecosystem Services Ltd. MC was employed by Integral Ecology Group.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Leston, Bayne, Dzus, Sólymos, Moore, Andison, Cheyne and Carlson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Quantifying Long-Term Bird Population Responses to Simulated Harvest Plans and Cumulative Effects of Disturbance



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Bird Species Distribution Models



		Harvest Planning for Caribou Management



		Natural Range of Variation



		Cumulative Effects







		RESULTS



		Harvest Planning for Caribou Management



		Natural Range of Variation



		Cumulative Effects







		DISCUSSION



		Harvest Planning for Caribou Management



		Natural Range of Variation



		Cumulative Effects







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fevo-08-00252-g010.jpg
Ovenbird Cape May Warbler Blackpoll Warbler American Three-toed

Western Tanager

Woodpecker

©
o
@

0.02 /
0.01 ’
0.00
0O 10 20 30 40 50
Year
0.8
0.6 e
0.41
0.21
0.0
0 10 20 30 40 50
Year
0.41
0.31
0.21
0.11
0.0
0 10 20 30 40 50
Year
0'4.\
0.31
0.21
0.11
0.01
0O 10 20 30 40 50
Year
0.075
0.050
0.025
0.000
0 10 20 30 40 50

Year

Palm Warbler Evening Grosbeak Boreal Chickadee Bay-breasted Warbler

Western Wood-pewee

1.57
1.01
0.51
0.01
0O 10 20 30 40 50
Year
0.06 —
0.04
0.02
0.00+1
0 10 20 30 40 50
Year
—
0.003 S
0.002
0.001
0.000
0 10 20 30 40 50
Year
0.41
0.21
0.0
0O 10 20 30 40 50
Year
0.0125
0.0100
0.0075
0.0050
0.0025
0.0000

0 10 20 30 40 50

Year

Northern Flicker Brown Creeper Black-backed
Woodpecker

Palm Warbler

White-winged Crossbill

0.03
0.02
0.01
0.00
0 10 20 30 40 50
Year
0.31 :
,//’—
0.21
0.11
0.0
0O 10 20 30 40 50
Year
] ==
0.015{ —
0.010
0.005
0.000
0 10 20 30 40 50
Year
0.012 ;
0.008
0.004
0.000
0 10 20 30 40 50
Year
0.06| =
0.04
0.02
0.00

0 10 20 30 40 50

Year

0.4
0.3

0.2

Warbler

0.1

Black-throated Green

0.0

Canada Warbler

©
o
@

o
o
S

O
o
-

Olive-sided Flycatcher

e
o
S

0 10 20 30 40 50

Year

e

0 10 20 30 40 50

Year

0.001251
0.001001
0.00075
0.000501
0.000251
0.00000+

Rusty Blackbird

o
o
i

o o
(=) o
N w

O
o
=

e
o
S

0

10 20 30 40 50
Year

T

0 10 20 30 40 50

Year

-

Yellow-bellied Sapsucker

0

10 20 30 40 50
Year





OPS/images/fevo-08-00252-g011.jpg
Change in CapeMayWarbler Density
Curront Fire: Yoar 0 - Year 0 Increased Fire: Year 50 - Yoar 0

Y ¢ Loty

T

No Fire: Year 50 - Year 0 No Energy: Year $0 - Year 0

) s0 &






OPS/images/cover.jpg
, frontiers
in Ecology and Evolution










OPS/images/logo.jpg
’ frontiers
in Ecology and Evolution





OPS/images/fevo-08-00252-g009.jpg
Total Area (ha)

PFMS Scenario vs NRV - Black Spruce

EBM/NDS Scenario vs NRV - Black Spruce

Total Area (ha) Total Area (ha)

Total Area (ha)

1000000 1000000
750000 YEAR ,(-_g 750000 YEAR
WMo 3 Bo
500000 B 10 @ 500000 | RU
B2 < B 20
Blso & N s
250000 [ NRV 2 250000 [ NRV
0 0
0- 2039 40°59 60-79 80-99 100-119 120-139 140+ 0- 2039 40°59 60-79 80-99 100-119 120-139 140+
Forest Age (Years) Forest Age (Years)
PFMS Scenario vs NRV - Deciduous EBM/NDS Scenario vs NRV - Deciduous
4e+05 4e+05
YEAR & YEAR
3e+05 o £ 3e+05 o
B o ;31 B o
2e+05 20 < 2e05 B 20
B s0 % B s0
1e+05 I ENRV = s I I Ry
0e+00 0e+00
0- 2039 40°59 6079 80-99 100-119 120-139 140+ 0- 2039 40°59 6079 80-99 100-119 120-139 140+
Forest Age (Years) Forest Age (Years)
PFMS Scenario vs NRV - Mixedwood/White Spruce EBM/NDS Scenario vs NRV - Mixedwood/White Spruce
4e+05 4e+05
3e+05 YEAR Tg 3e+05 YEAR
WMo 3 Bo
1o o B o
2e+05 . 20 < 2e+05 . 20
I s0 g I s0
1e+05 . INRV 2 a5 . Y
J-ll-.liu J-.lh.lh
0- 2039 4059 6079 80-99 100-119 120-139 140+ 0- 2039 4059 6079 80-99 100-119 120-139 140+
Forest Age (Years) Forest Age (Years)
PFMS Scenario vs NRV - Pine EBM/NDS Scenario vs NRV - Pine
2e+05 YEAR § 2e+05 YEAR
Ho 3 Ho
WMo 9 B o
B2 < B 20
1e+05 . 50 ‘._‘5 1e+05 . 50
I LI NRy 2 I | NRV
0e+00 J 0e+00 J

20-39

40-59 60-79 80-99 100-119 120-139
Forest Age (Years)

140+

20-39

40-59 60-79 80-99 100-119 120-139
Forest Age (Years)

140+





OPS/images/fevo-08-00252-g005.jpg
Predicted Abundance Predicted Abundance

Predicted Abundance

2400

2000

1600

8000

6000

BlackthroatedGreenWarbler (A14)

Year

BlackthroatedGreenWarbler (L3)

-

Year

Year

Predicted Abundance Predicted Abundance

Predicted Abundance

BlackthroatedGreenWarbler (A15)

2400

2000

1600

1200

20 30 40 50
Year

BlackthroatedGreenWarbler (L8)

4000 P

3000

0 10

Year

Predicted Abundance Predicted Abundance

Predicted Abundance

BlackthroatedGreenWarbler (L1)

Year

BlackthroatedGreenWarbler (L11)

7000 f ------ —
6000
5000
4000
30001 _ _ _ _ _ .
0 10 20 30 40 50
Year

BlackthroatedGreenWarbler (S22)

8000

7000
6000
5000
4000

Predicted Abundance Predicted Abundance

Predicted Abundance

BlackthroatedGreenWarbler (L2)

8000
7000
6000
5000
4000

Year
BlackthroatedGreenWarbler (S11)
6000
5000

4000

3000

Year

BlackthroatedGreenWarbler (S23)

7000 ——

6000 /

50001 T T T T TT T T T T ST T
4000
3000
2000






OPS/images/fevo-08-00252-g006.jpg
Predicted Abundance Predicted Abundance

Predicted Abundance

PalmWarbler (A14) PalmWarbler (A15) PalmWarbler (L1) PalmWarbler (L2)
35000 it v o ] ot o] it ] o ] o ]

L [0} L
200000 g g £
225000 38000
E 2 30000 E
180000 3 3 2
<< 2000001 = < < 34000
el el el
] £ =
160000 S S k]
B 175000 5 3 30000
o o 0
0 10 20 30 40 50 0 10 20 30 40 50
Year Year Year Year
PalmWarbler (L3) PalmWarbler (L8) PalmWarbler (L11) PalmWarbler (S11)
_____________ S N - BT/ N -
1e+05 § 18000 & s
2 2 2
9e+04 = = =
--------- 2 16000 4 140000 2
8e+04 3 3 3
5 14000 S 120000 kel
7e+04 3 3 3
e (ol a.
12000 100000
0 10 20 30 40 50 0 10 20 30 40 50
Year Year Year Year
PalmWarbler (S14) PalmWarbler (s18) PalmWarbler (S22) PalmWarbler (S23)
75000 = = = = = - g 90000 = = = === === -—--~- g |- -==- g |- -==-
70000 § § 200000 § 9000
65000 SR 5 180000 = @
60000 < < <
< 70000 2 160000 2
55000 8 B B 7000
50000 E i E 140000 §
45000 120000 6000

Year Year Year Year





OPS/images/fevo-08-00252-g007.jpg
Change in All Older Forests Percent Cover per Quarter-section

PFM (Caribou) Scenario: Year 0 PFM (Caribou) Scenario: Year 50
i '3
100
20
@
40
20

EBM (E: Based Mgmt.) Year 50 - Year 0

$0

X\ o
EENER S S





OPS/images/fevo-08-00252-g008.jpg
Change in Older Deciduous Percent Cover per Quarter-section
PFM (Caribou) Scenario: Year 50

PFM (Caribou) Scenario: Year 0

Y

EBM (E:

PFM (Caribou) Scenario: Year 50 - Year 0

S

i
“

&
3






OPS/images/fevo-08-00252-g001.jpg
BRITISH
COLUMBIA

NORTHWEST

ALBERTA

SASKATCHEWAN

Al-Pac Forest Management Area ALBERTA SASK.
(IJ 25 5l0 1l])0
Kilometers Kilometers

FMU

[ a4
[ Jats
[ o
[ Jro2
[ Jros
[ Jros
[ ]
[ s
[ ]s14
[ ]s18
[ ]s22
[ ]s23






OPS/images/fevo-08-00252-g002.jpg
',u.‘

Harvest Map - A-14 - Both Scenarios

%

h..;..m.,_n ; Jy
TR /,w 0
A

oy WX
< ip, £ ,,.ua...& O ARy
B A .\MH»W Fa
[ =g

=
Sl SR um
b .w.“ v uﬂ%
cerm
e w.. : \.w”’d

\

T

o
b S
L
S
N\
X 1%
s
wﬂﬂ
. N\
&
: NN
, \W? £
AN L 4
- 4N \ >
PPN\ D)
5 S\
A
RN
] Y
© X LR
© c A ()
= S Asv.
T 3

555555

- Q - 0
2222222

230N
oot






OPS/images/fevo-08-00252-g003.jpg
duous

Mixedwood + White Spruce

Dec

- Pine
- Black Spruce





OPS/images/fevo-08-00252-g004.jpg
Ovenbird Cape May Warbler Blackpoll Warbler American Three-toed

Western Tanager

Woodpecker

50000

8e+05

I o)
® ®
+ +
o o
a G

2e+05

~ o
® ®
+ +
o o
> ®

6e+06

7e+06

6e+06

5e+06

4e+06

1800000

1600000

1400000

110000

90000

70000

0 10 20 30 40 50
Year

Palm Warbler Evening Grosbeak Boreal Chickadee Bay-breasted Warbler

Western Wood-pewee

4e+06

3e+06

2e+06

5500000
5000000
4500000
4000000

3500000

90000

80000

70000

5000000

4500000

4000000

3500000

800000
750000
700000
650000

0 10 20 30 40
Year

4e+05
o §
(O]
I
O O
8 § 3e+05
B2
m=S 2et05
0 10 20 30 40 50
Year
2000000
@
o
$ 1500000
(@]
$ 1000000
<
(o /Y g
L0010l e —
0 10 20 30 40 50
Year
BEOOOGH =t st i i ot
5]
S 440000
ic
S 400000{ _ _ _ _ _ _ _ _______
¥, =
5
Z 360000 /
0 10 20 30 40 50
Year
5]
S
© 80000
hel
o
(]
= 70000{ = = - mm e m e e =
pel
[0}
3
= 600001 _ _ _ _ _ _________
0 10 20 30 40 50
Year
?)
8 1e+06
Eel
- (PP
2 9e+05
3
o
£ 8e+05
; _______________
0 10 20 30 40 50
Year

Rusty Blackbird Olive-sided Flycatcher Canada Warbler Black-throated Green

Yellow-bellied Sapsucker

250000

Warbler

150000

6e+05
5e+05
4e+05

3e+05

2e+05

200000

0 10 20 30 40
Year

190000
180000
170000
160000
0 10 20 30 40 50
Year
300000
2500001
200000
0 10 20 30 40 50
Year
8e+05
7e+05
6e+05
0 10 20 30 40 50
Year





OPS/images/cross.jpg
3,

i





OPS/images/fevo-08-00252-t001.jpg
Term Definition Values or range Model Model description Square-root Quadratic Interactions
stage term tested terms tested
Intercept Y-intercept Species-specific 0 Initial null model
constant
HAB Land cover type within 150 m of 13 classes 1 Local-scale habitat
point count
YSD Year since disturbance 0-160 years 2 Habitat x Age Yes Yes With HAB
isM HAB = Mixedwood Oort 2 Habitat x Age With YSD
isP HAB = Pine Oort 2 Habitat x Age With YSD
isW HAB = White Spruce Oort 2 Habitat x Age With YSD
isC HAB = Conifer (Pine, White Spruce, 0 or 1 2 Habitat x Age With YSD
Black Spruce, Larch)
isLC HAB = Lowland Conifer (Black Oor1 2 Habitat x Age With YSD
Spruce, Larch)
FOR Stand origin (natural disturbance or 0 or 1 3 Forest Origin
harvest)
ROAD HAB = Roadside Oort 4 Roadside or not
SLIN Vegetated linear features 4 Roadside or not
within 150 m
ARU Point counts collected by ARU or 3 classes 5 Survey method
human
CTI Compound topographic index 5.0-26.8 6 Wetness With WET
LAT Latitude 50.27-60.01 7 Space/climate Yes With LONG
degrees
LONG Longitude —120to =110 v Space/climate Yes With LAT
degrees
PET Potential evapotranspiration 288-645 Space/climate
MAT Mean annual temperature —4.6t0 3.6 T Space/climate
degrees Celsius
MAP Mean annual precipitation 347-1902 mm 7 Space/climate
FFP Frost free period 46-122 days 7 Space/climate
AHM Annual heat-moisture index 4.4-34.7 7 Space/climate
MWMT Mean warmest month temperature  7.2-17.7 degrees ir Space/climate
Celsius
MCMT Mean coldest month temperature —27.1t0 -8.7 7 Space/climate
degrees Celsius
SSH 1 KM2  Species-specific total preferred 0-100% 8 Landscape-level habitat ~ Yes
habitat at 1 km? scale
WET Wet land cover within 1 km? 0-100% 6 Wetness Yes With CTI
THF Total human footprint at 1 km? 0-100% 9 Landscape-level footprint Yes
scale
SUCC Successional footprint (harvest, 0-100% 9 Landscape-level footprint Yes
seismic) at 1 km? scale
ALIEN Alienating footprint (cropland and 0-100% 9 Landscape-level footprint Yes
other non-successional) at 1 km?
scale
LIN Linear features at 1 km? scale 0-100% 9 Landscape-level footprint Yes
NLIN THF-LIN (non-linear) at 1 km? scale  0-100% g Landscape-level footprint Yes
YR Year of survey 1997-2015 10 Survey year

For the Patchworks harvest scenarios and NRV scenario, we extracted the proportions of different forest-origin type-age classes from each quarter-section in the Al-Pac
FMA, since quarter-section IDs were linked to latitude and longitude locations stored with climate variables and interaction terms in the curedinsect package. For the
ALCES Online cumulative effects scenarios, we extracted the proportion of each 200-m square cell occupied by a specific vegetation-origin type or human footprint, the
proportion of land within 1 km of each cell in different vegetation-origin types or human footprints, the weighted-averaged forest age in that cell, latitude, longitude, climate
variables, and any interaction terms among these variables. We constructed individual species indicators using the extracted data with model coefficients from SDMs to
run indicator under different scenarios in ALCES Online.





OPS/images/fevo-08-00252-t002.jpg
Habitat Year 0 Percent change over 50 years Response to Abundance without Response to
under different scenarios
Group Species Association Population With Harvest Without Harvest Harvest Deferral Human Footprint Fire in Absence of
Deferral Deferral Harvest
1 Black-throated Green Older mixedwood 191831 9 74 More abundant 139460 (97040-181880) Less abundant
Warbler
1 Brown Creeper Older mixedwood 987151 58 56 More abundant 323171 (236466-409876) Less abundant
1 Canada Warbler Older deciduous 343100 36 30 More abundant 162267 (130243-194291) Less abundant
1 Ovenbird Mature deciduous 5283326 —1 —1 Less abundant* 2545523 (2211689-2879357) Less abundant
1 Pileated Woodpecker Older mixedwood 55783 15 15 More abundant* 47764 (43519-52010) Less abundant
1 Yellow-bellied Older mixedwood 518940 18 17 Less abundant* 439581 (402442-476721) Less abundant
Sapsucker
2 Bay-breasted Warbler Older coniferous 3402974 —6 -7 More abundant 743595 (616602-870588) Less abundant
2 Blackpoll Warbler Older coniferous 244752 —47 —44 Less abundant 490169 (396505-583833) More abundant
2 Boreal Chickadee Older coniferous 3593580 14 13 More abundant® 2928915 (25682035-3275794) Less abundant
2 Cape May Warbler Older coniferous 5526097 20 20 More abundant* 5037696 (4349961-5725431) Neutral
2 Evening Grosbeak Older coniferous 59820 20 21 Less abundant 55949 (51346-60552) Neutral
2 Western Tanager Older coniferous 1255702 13 12 More abundant® 1185285 (967163-1403406) Neutral
2 White-winged Crosshill Older coniferous 523613 2 2 More abundant® 428513 (388198-468828) Less abundant
3 American Three-toed Recently burned 64116 43 43 More abundant* 47036 (39765-54306) Less abundant
Woodpecker
3 Black-backed Recently burned 184205 —48 —47 Less abundant 262288 (197045-327532) More abundant
Woodpecker
3 Northern Flicker Open forest 253038 ir 9 Less abundant 325561 (293678-357444) More abundant
3 Olive-sided Flycatcher Recently burned 129364 9 9 Less abundant 117624 (109682-125565) Less abundant
3 Palm Warbler Mature black spruce, Bog 3129020 —20 —20 Less abundant* 3461049 (3122518-3799580) Neutral
3 Rusty Blackbird Swamp 129599 -7 -3 Less abundant 212237 (176996-247479) More abundant
3 Western Wood-pewee Swamp 486388 1 1 Less abundant 557522 (491366-623677) More abundant

“Increased*” or “Decreased*” = less than a 1 per-cent difference in population after 50 years between scenarios with and without harvest deferral for caribou.
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Habitat Year 0 Percent change over 50 years under different scenarios General response to
Group Species Association Population BAU BAU + Seismic Line No Fire Increased No Current Fire  Doubling of Energy Sector Seismic Line
Restoration Fire Energy Fire Footprint Restoration

1 Black-throated Older mixedwood 255002 120 126 166 35 153 Decreased Decreased Decreased Increased
Green Warbler

1 Brown Creeper Older mixedwood 1626827 9 14 35 —10 18 Decreased Decreased Decreased Increased

1 Canada Warbler Older deciduous 10830 42 50 103 14 77 Decreased Decreased Decreased Increased

1 Ovenbird Mature deciduous 2662259 -—18 -19 —25 —14 —18 Increased Increased Decreased” Decreased

1 Pileated Older mixedwood 64325 11 13 27 3 13 Decreased Decreased Decreased Increased
Woodpecker

1 Yellow-bellied Older mixedwood 212010 5 7 19 1 12 Decreased Decreased Decreased Increased
Sapsucker

2 Bay-breasted Older coniferous 13432889 —13 —-12 1 —26 -7 Decreased Decreased Decreased Increased”
Warbler

2 Blackpoll Warbler ~ Older coniferous 4450882 —10 -9 —53 23 —16 Increased Increased Increased Increased”

2 Boreal Chickadee  Older coniferous 470621  —10 —10 —6 —14 -5 Decreased Decreased Decreased Increased

2 Cape May Warbler  Older coniferous 1434837 68 68 85 44 79 Decreased Decreased Decreased Increased”

2 Evening Grosbeak  Older coniferous 20348 3 6 16 -3 13 Decreased Decreased Decreased Increased

2 Western Tanager ~ Older coniferous 338690 20 26 39 —6 76 Decreased Decreased Decreased Increased

2 White-winged Older coniferous 416798 -5 -5 0 —12 —16 Decreased Decreased Increased Decreased”
Crossbill

3 American Recently burned 70889 126 125 169 94 131 Decreased Decreased Decreased Decreased”
Three-toed
Woodpecker

3 Black-backed Recently burned 149654 42 38 30 64 4 Increased Increased Increased Decreased
Woodpecker

3 Northern Flicker Open forest 105020 19 18 17 22 22 Increased Increased Decreased Decreased

3 Olive-sided Recently burned 53166 6 T g & 13 Decreased Decreased Decreased Increased”
Flycatcher

3 Palm Warbler Mature black spruce, Bog 1008685 —19 -19 —38 -5 —-19 Increased Increased Decreased*” Increased”

3 Rusty Blackbird Swamp 7877 —42 —42 —65 -8 —33 Increased Increased Increased No change

3 Western Swamp 73514 5 5 5 0 10 No Change Decreased Decreased No change
Wood-pewee

“Increased*” or “Decreased*” = less than a 1 per-cent difference in population after 50 years between scenarios with and without a particular disturbance. All scenarios share the same amount and locations of harvest
disturbances. "Al-Pac BAU” assumes that some forest habitat is either set back by fire or converted to other land uses by energy sector development but also by agriculture and urbanization. “Seismic restoration”
assumes the same amount and location of fire, harvest, and non-forestry footprint as “Al-Pac BAU,” but also assumes that seismic lines are successfully reclaimed and start regenerating to forests. “No Fire” assumes
that no future forests are burned by fire, but levels of conversion to non-forest habitats are the same as in “Al-Pac BAU”. “No Energy” assumes that no new energy sector development occurs, but levels of fire and
conversion to other non-forest habitats are the same as in “Al-Pac BAU.” “Increased Fire” assumes that the same amount of forest habitat is converted to other land uses like energy sector development, agriculture,
and urbanization as “Al-Pac BAU,” but twice the amount of forest is burned each decade, reducing older forests relative to "Al-Pac BAU.”





