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Abstract 1 

Land-use change is the largest proximate threat to biodiversity, yet remains one of the most 2 

complex to manage. In British Columbia (BC), where large mammals roam extensive tracts of 3 

intact habitat, continued land-use development is of global concern. Extant mammal diversity 4 

in BC is unrivalled in North America owing, in part, to its unique position at the intersection of 5 

alpine, boreal and temperate biomes. Despite high conservation values, understanding of 6 

cumulative ecological impacts from human development is limited. Using cumulative effects 7 

assessments (CEAs) methodologies, we assess the current human footprint over 16 regional 8 

ecosystems and seven large mammal species. Using historical and current range estimates of 9 

the mammals, we investigated impacts of human land-use on species persistence. For 10 

ecosystems, we found that Bunchgrass, Coastal Douglas Fir and Ponderosa Pine have 11 

experienced over 50% land-use conversion; over 85% of their spatial extent has undergone 12 

either direct or estimated indirect impacts. Of the mammals we considered, wolves were the 13 

least impacted yet all species have reduced ranges compared with historical estimates. We 14 

found evidence for a hard trade-off between development and conservation, most clearly for 15 

mammals with large distributions and ecosystems that have experienced high levels of 16 

conversion. Rather than serve as a platform to monitor species decline, we strongly advocate 17 

these data be used to inform land-use planning and to assess current conservation efforts. 18 

More generally, CEAs offer a robust tool to inform wildlife and habitat conservation at scale.    19 
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Introduction 20 

Conservation management aims to prevent species and ecosystem loss (Soulé 1985) while still 21 

managing human uses of environmental resources (Kareiva & Marvier 2012). Yet land-use 22 

change is the single largest threat to biodiversity (MA 2005; Turner et al. 2007) and planning 23 

efforts to manage it have failed to slow development or resulting biodiversity impacts (Butchart 24 

et al. 2010; Newbold et al. 2016). The variety of land-use activities, from agriculture to land 25 

clearing for settlement or resource extraction (Foley et al. 2005), make tracking and managing 26 

cumulative use challenging (Raiter et al. 2014). Systematic conservation planning has emerged 27 

to address this challenge (Margules & Pressey 2000) and frameworks like cumulative effects 28 

assessment (CEA: Halpern & Fujita 2013) are gaining traction. 29 

CEAs contextualize local development in a regional setting, assessing large-scale land-use 30 

impacts to inform small-scale planning (Baxter et al. 2001). Typically, CEAs have three primary 31 

steps focused around pre-defined ecological values (Spaling & Smit 1993). The first is 32 

quantifying the total regional human footprint. The chosen ecological values determine the 33 

spatial boundaries of the assessment (Therivel & Ross 2007). Thus, footprints may shift 34 

depending on species’ ranges or ecosystem distributions. The second step is estimating the 35 

impact of that footprint on ecological values. Estimating impacts is based on quantitative 36 

predictions that are refined by monitoring ecological values through time (Burton et al. 2014). 37 

The final step of a CEA is outlining future development scenarios. Using calculated footprints, 38 

estimated impacts, and future scenarios, CEAs can advise strategies that minimize risks to 39 

ecological values. CEAs aim to bridge multiple scales and land-uses, protecting conservation 40 
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values while allowing sustainable development (Duinker & Greig 2006). In practice, examples of 41 

comprehensive CEAs are rare, even where they are increasingly needed.  42 

British Columbia (BC) represents an area of high global conservation value, yet it has undergone 43 

little provincial-level CEA and planning. Habitat diversity in BC is high, with elevations ranging 44 

from 0 to over 4000 m and climate regimes ranging from the very wet hypermaritime to the 45 

semi-arid grasslands (Meidinger & Pojar 1991). In continental North America, range 46 

contractions of over 20% have occurred for seventeen mammals since Euro-American 47 

settlement. BC plays a prominent role in habitat provision for these dwindling populations 48 

(Laliberte & Ripple 2004), containing large tracts of globally significant untouched habitat. Land-49 

use in BC is recent because much of the natural resource base is remote and inaccessible. 50 

Pressures on the landscape are increasing as technology opens previously inaccessible areas, 51 

and terrestrial species populations are declining across the province (BC Ministry of 52 

Environment 2014). Nowadays, there is significant economic reliance on natural resources, 53 

especially natural gas and lumber (BC Ministry of Finance 2016), and agriculture is prominent in 54 

the central, south, and northeast regions. This situation creates a pressing need for 55 

comprehensive land-use planning. 56 

CEAs start with mapping the human footprint (Connelly 2011), often represented by the spatial 57 

extent of land-use (Toews 2016). Here, we map the current footprint provincially, focusing on 58 

its distribution across ecosystems and select mammal ranges. Given BC’s accessibility issues, 59 

and the spatial distribution of resources, we expect that particular land-use types will be 60 

isolated within certain ecosystems. However, some development types like roads are likely 61 

diffuse, impacting all provincial ecosystem types. When narrowed to individual species’ ranges, 62 
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the footprint will likely shift, with wide-ranging species such as large carnivores experiencing 63 

higher impacts. 64 

Once mapped, the next step is estimating land-use impacts on ecological values. We used 65 

historic range estimates of mammal species to investigate local species extirpations based on 66 

individual activities, cumulative effects, and indirect effects. Range boundaries are notoriously 67 

coarse (Hurlbert & Jetz 2007) and comparing to historical estimates is difficult (Tingley & 68 

Beissinger 2009). We acknowledge these pitfalls; yet range estimates provide a critical 69 

foundation for future species monitoring and for monitoring the effectiveness of land-use 70 

planning for conservation outcomes, of which species persistence is a key performance 71 

indicator.  72 

By creating quantitative models of land-use relationships to range loss, we are building 73 

foundations for refined, predictive knowledge of land-use impacts on these mammals. In the 74 

final step of the CEA process, future scenarios are outlined and paired with predicted ecological 75 

impacts (Smit & Spaling 1995). From this, recommendations on sustainable development can 76 

be made. This study does not extend into scenario predictions. Assessing cumulative impacts 77 

for multiple species is essential for understanding trade-offs and for identifying both 78 

idiosyncratic and consistent impacts. This study aims to take the first major steps towards a 79 

comprehensive CEA in a globally important region by a) calculating the total human footprint 80 

for a set of ecological values; b) assessing the status of those values based on land-use cover 81 

and range loss; and c) creating preliminary predictive models of land-use impacts on those 82 

values. 83 
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Methods 84 

Study Area 85 

British Columbia (BC) covers 945,000 km2 and is the western-most province of Canada. 86 

Vegetation communities have been comprehensively described and classified by the Ministry of 87 

Forests (Pojar et al. 1987) using a system known as the Biogeoclimatic Ecosystem Classification 88 

(BEC). The BEC zones are determined primarily by climate, vegetation, and soil data (Pojar et al. 89 

1987). Originally established to map forest types and commercial tree occurrence, BEC zones 90 

house differing levels of extractable resources and biodiversity. There are 16 BEC zones in BC 91 

(Figure 2 and Table 3), and each zone was treated as an individual ecosystem. Wildlife use of 92 

zones tends to have high overlap, with only 12% of terrestrial vertebrate species thought to be 93 

zone-specific (Bunnell 1995). Thus, ecosystem analysis based on the BEC zones captures 94 

climate, soils, and vegetation rather than habitat and range size of individual species. 95 

Data collection 96 

We collected spatial data on land-use and mammal range estimates (historic and current). For 97 

land-use information, we utilized data publicly available through GeoBC 98 

(http://geobc.gov.bc.ca/), a subset of the BC Integrated Resource Operations Division that 99 

oversees baseline spatial data and Provincial Crown Registries on land development. Details of 100 

all impact shapefiles can be found in Supplementary Information A. Species ranges were 101 

mapped previously (Laliberte & Ripple 2004) and details on historic and current range estimate 102 

creation can be found in Supplementary Information B. 103 

http://geobc.gov.bc.ca/
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We transformed all shapefiles into rasters. Each raster was approximately 35 million cells at 250 104 

m × 250 m. This resolution is significantly finer than the typical management scale (Halpern & 105 

Fujita 2013) and allowed detailed analysis over the study area. 106 

Land-use 107 

We separated land-use into categories (Table 1), within which impacts will generally be of a 108 

similar type but vary in intensity. Infrastructure covered urban and residential development, 109 

with a small area converted for mining. These impacts are diffuse and require large amounts of 110 

clearing. Roads were analyzed independently, as they dissect landscapes on large scales and are 111 

linked to compositional changes, abiotic shifts, and vertebrate mortality (Forman & Alexander 112 

1998; Coffin 2007). Oil and gas in BC is isolated physical structures associated with extraction 113 

(e.g., drills) connected by a network of access roads and development lines. Agriculture and 114 

rangeland were grouped together.  115 

Our last category was logging, a primary source of BC economic revenue (BC Ministry of Finance 116 

2016). In the first 10 years post-logging, vegetation tends to be open with high forage. Through 117 

time, vegetation thickens and dense stands offer grazer protection (Fisher & Wilkinson 2005). 118 

Gradually stands thin, and achieve ‘old growth’ designation according to their species, with the 119 

minimum ‘old growth’ forest age at 120 years (Ministry of Forests, Lands, and Natural 120 

Resources 2003). We thus considered different times since last logging as different impact 121 

levels – 0-10 years (as of December, 2016), 11-60 years, 61-120 years, and then all areas that 122 

have been logged plus all land under logging tenure. Tenured land in BC is licensed to private 123 

companies for active management and exploration of timber resources (Zhang & Pearse 1996). 124 
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Though tenured land may also represent future human impacts, human presence and activities 125 

are heightened compared with untenured forested land. Thus, we considered it current land-126 

use.  127 

Human development has effects beyond the physical footprint. We estimated indirect impacts 128 

around a subset of land-uses, with a focus on roads and oil and gas development. Both are 129 

structures on the landscape that have known impacts beyond their physical presence. Because 130 

the impact to wildlife varies between and within species (Toews 2016), we estimated indirect 131 

impacts for increasing distances based on mammal avoidance data. Data collected in BC on 132 

avoidance behavior has often focused on caribou, whose avoidance patterns range from 250 m 133 

(Dyer et al. 2001) to 2,000 m (Polfus et al. 2011). We used these 250 m and 2,000 m endpoints 134 

and intermediate distances of 500 m and 1,000 m to represent a range of discrete buffer widths 135 

around direct impacts. 136 

We did not estimate indirect impacts around other land-uses. Activities like urban and 137 

residential development or agriculture are diffuse rather than singular structures. Reflecting 138 

this, data on these land-uses were available as large polygons with smoothed boundaries likely 139 

incorporating the indirect buffer distances we chose. For logging, we chose the time-since-140 

logged classification to represent different levels of direct-to-indirect impact. In addition to the 141 

temporal component, the tenured land boundaries include the majority of indirect spatial 142 

buffers that would have been calculated around recently logged land. 143 

Ecosystem-level indicators 144 
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Within a BEC zone, we calculated proportional area lost to each of the impacts and calculated 145 

fragmentation patterns based on direct land-use: infrastructure, roads, oil and gas, agriculture, 146 

and logging within the last 120 years. In each zone, we calculated average mean patch area 147 

(km2), total edge of all patches (m), average perimeter-area ratio (PAR), aggregation (the 148 

number of like adjacencies divided by maximum possible number), and the number of patches. 149 

We calculated metrics in Fragstats (McGarigal et al. 2002).  150 

Population-level indicators 151 

Current distributions for seven ungulates and carnivores were estimated: bighorn sheep (Ovis 152 

canadensis), caribou (Rangifer tarandus caribou), elk (Cervus canadensis), fisher (Pekania 153 

pennanti), mountain goat (Oreamnos americanus), grizzly bears (Ursus arctos), and wolves 154 

(Canis lupus). British Columbia has 32 native terrestrial carnivore and ungulate species (Eder & 155 

Pattie 2001). We did not consider wildlife that are known to respond neutrally or positively to 156 

land-use (e.g. white-tailed deer and coyote: Toews 2016; cougars: Carter & Linnell 2016), 157 

mimicking management prioritizations that consider sensitive species first. Additionally, we 158 

were not able to consider species with too little data to confirm range loss despite recorded 159 

declines in abundance. Please see Supplementary Information B for further details on species 160 

selection. 161 

We calculated the range extent impacted by land-use and indirect effects and assessed 162 

fragmentation patterns due to cumulative direct effects. 163 

Population-level impacts 164 
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We compared current ranges with historic range estimates. Distribution maps are known to 165 

overestimate suitable habitat by smoothing edges and excluding small-scale extirpation 166 

(Hurlbert & Jetz 2007), leading to optimistic estimates of species occurrence (Rondinini et al. 167 

2005). In our case, the scale of a provincial-study on multiple species makes finding smaller-168 

scale range data difficult. The distribution maps used here were made at a provincial scale and 169 

likely provide the appropriate level of detail. 170 

Scale also drove our choice of presence-absence rather than abundance data. Only caribou and 171 

grizzly bears have abundance data across the province. The smaller-bodied species are far more 172 

difficult to count and consequently have less available data. The temporal scale of this study is 173 

large, with historic range estimates from the 18th century compared against those of the 20th 174 

century. Presence-absence data capture the current outcome of that extended period for each 175 

species. In the case of delayed response to recent development (e.g. oil and gas), presence-176 

absence data may not be adequate. Each individual species result was assessed in that light. 177 

To enable statistical modeling of species persistence, we divided the landscape into 25 km х 25 178 

km non-overlapping landscape parcels. Each of the resulting 1,714 parcels had a present, 179 

absent, or extirpated designation for each species as well as amount of habitat loss and 180 

fragmentation. Additionally, we classified each parcel as either having experienced local 181 

extirpation of any species, or having maintained all known populations. We modeled 182 

persistence using a series of generalized linear models with a binomial response (0/1 for 183 

extirpated/persistent). To incorporate spatial dependency between parcels, we used an 184 

autocovariate regression (Dormann et al. 2007). We calculated an autocovariation metric 185 

(Augustin et al. 1996) with the spdep package (Bivand & Piras 2015) that was a weighted 186 
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average of the ‘successes’ (here, persistence) amongst all parcel neighbors. The autocovariation 187 

was included as a fixed effect in models.  188 

The candidate set totaled nineteen models for each species: a null model with only the spatial 189 

covariation, proportion of habitat loss to individual categories, proportion total loss, proportion 190 

total loss plus differing levels of indirect effects, and each fragmentation metric. Total loss did 191 

not differentiate between land-uses. Overlap and spatial distribution of land-uses led to high 192 

correlation between each use that left them inappropriate for separate predictors in a single 193 

model. We recorded coefficient estimates and the Akaike Information Criterion (AIC) to assess 194 

support for each model. All analyses were completed in R (R Core Team 2014). 195 

We used caution in interpreting model results. Provincial data lack details of land-uses like 196 

mining or non-governmental development like private logging. Thus, our collected land-use 197 

data and coarse range estimates are conservative, likely underestimating total impacts and 198 

range contraction. Additionally, we do not have access to historical land-use data, limiting our 199 

analysis to a temporal snapshot potentially underestimating historical impacts. 200 

Results 201 

Land-use 202 

Approximately 13% of BC has been directly modified (Figure 1). When indirect effects of a 2 km 203 

buffer are included, 35% of the landscape has been impacted. The most wide-spread use is 204 

logging, with 7% of the total landscape under logging tenure. Agricultural development has 205 

occurred over 5% of the province, and oil and gas development over 2.5%. The spatial 206 
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distribution of some impacts is limited (e.g. oil and gas), though collectively the impacts are 207 

widespread. Human land-use has reduced the average intact patch size in each zone by 62%. 208 

Ecosystem-level indicators 209 

The distribution of land-use was as we predicted, with some land-uses, like logging, diffuse 210 

across the province. Logging tenures are present in every zone, and active logging has occurred 211 

in 12/16 of the zones within the last 10 years. In contrast, other land-uses were concentrated in 212 

relatively small areas. Agriculture and infrastructure occurred largely in a subset of the BEC 213 

zones, resulting in three zones (Bunchgrass, Ponderosa Pine, and Coastal Douglas Fir) that have 214 

experienced 58 – 74% land conversion (Figure 2). Some impacts were even more localized, with 215 

almost 90% of oil and gas development in the Boreal White and Black Spruce. Indirect effects 216 

further emphasize these patterns, with the three zones under pressure from agriculture and 217 

infrastructure all exceeding 85% of their area under direct + indirect effects, and 24% of the 218 

landscape covered by oil and gas direct + indirect effects in the Boreal White and Black Spruce. 219 

Given the spatial distribution of land-uses, it was unsurprising that a subset of zones was 220 

relatively intact. The eight zones with the least amount of total impacts were all remote or 221 

difficult access. Predominantly, the eight were alpine and high-altitude zones. Coastal Western 222 

Hemlock was one exception, which has a relatively low footprint and is lower altitude. Large 223 

portions are away from population centers and generally surrounded by either ocean to the 224 

west or mountains to the east, making access difficult for most activities. 225 
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Despite the often localized distribution of land-use, there was dramatic habitat fragmentation 226 

over most of the province. On average, land-use has increased the number of patches within a 227 

single zone by 13 times (Table 2). Increased patch numbers were strongly correlated with 228 

increased road cover. Total edge either stayed the same or decreased once impacts were 229 

considered, with the largest decreases occurring in zones with the highest impacts. In contrast, 230 

the perimeter-to-area ratio (PAR) increased for all zones due to consistent decreases in mean 231 

patch area. For 7/16 zones, the mean patch area was reduced by 90%. Aggregation remained 232 

relatively unchanged. 233 

Population-level indicators 234 

We found up to 18% direct impact within a single species range (bighorn sheep) and 45% direct 235 

and indirect impact (Table 3). Bighorn sheep had both the smallest range, and the highest 236 

proportional impact. Direct land-use was linked to considerable spatial change within species’ 237 

ranges. Each distribution has been heavily fragmented, ranging from 1,001 individual patches 238 

within the bighorn sheep range to 15,299 for wolf (Figure 3). Mean intact patch area has been 239 

reduced by an average of 97% across species. 240 

Population-level impacts 241 

Estimated range losses span from 1% of the historic range for wolves to 42% for fisher (Figure 242 

3). In all cases, models of persistence ignoring land-use – the null models – were not within the 243 

top models (Table 4). When we modeled the probability of all species persisting, the null model 244 

was the worst and all relationships with land-use were negative.  245 
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Oil and gas development was the only land-use with a consistently neutral or positive 246 

relationship with species persistence. It is also the most recent form of development, so effects 247 

on measured species may be forthcoming. All other impacts tended to have neutral or negative 248 

relationships with persistence, often at great improvement to the null model. Only one species, 249 

fisher, was found to have consistent positive trends between persistence and land-use. Models 250 

including total cumulative use were worse than the null for bighorn sheep, caribou, and elk, and 251 

better than the null for mountain goat, grizzly, and wolf.  252 

Beyond these larger patterns, species varied in their apparent response to land-use. Bighorn 253 

sheep persistence was related only to recent logging. In contrast, caribou persistence related 254 

negatively to all but agriculture and oil and gas on an individual basis, but showed no relation 255 

with total effects; models with the lowest AIC values all involved logging. Mountain goat and 256 

grizzly persistence was found to relate negatively with all human land-uses except oil and gas 257 

development. Wolf persistence was negatively related to all human uses except oil and gas, and 258 

logging that occurred less than 60 years ago. 259 

Including indirect effects did not improve models for any species. In general, species 260 

persistence was positively related to mean patch area and negatively related to PAR. These 261 

variables were the only improvements on the null for elk. For those species linked to 262 

cumulative habitat loss (mountain goat, grizzly, wolf, and all species), we also found positive 263 

relationships with aggregation and total edge. Fisher persistence was the opposite – negatively 264 

related to mean patch area, total edge, and aggregation, and positively to PAR.  265 

Discussion 266 
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The scale and extent of global land-use change is staggering (Wilcove et al. 1998; Pimm et al. 267 

2014), and managers at all scales are struggling to plan for it. In areas like British Columbia, 268 

where rapid and relatively recent land-use threatens larger continental-scale values, regional-269 

scale CEAs can inform land-use and conservation policies. Our analysis supports recent claims 270 

(Auditor General of British Columbia 2015) that current land-use planning has not prevented 271 

substantial losses to ecological values in BC. The ongoing impact of habitat conversion on 272 

conservation is consistent worldwide (Foley et al. 2005), and more effective methods must be 273 

implemented to achieve global conservation goals. This study lays the groundwork for a full CEA 274 

for a region critical to North American mammal and habitat diversity. Future steps require 275 

refinement of the predictive models presented here, scenario creation across the province, and 276 

application to land-use decisions at all scales.  277 

As predicted, some land-uses were clustered in particular zones, leading to high losses in 278 

individual ecosystems. Lower elevation zones have undergone the largest changes. All three of 279 

the most impacted zones occur between 0 and 1,000 m. In contrast, five of the six least 280 

impacted zones occur at 1,000 m and higher. This is unsurprising, given that lower elevation 281 

sites are more accessible for agriculture, resource extraction, and urbanization. Importantly in 282 

BC, these are often the zones along the southern border, where some high and low latitude 283 

species’ range limits intersect (Swenson & Howard 2005). These zones are generally the most 284 

diverse in the province with the highest numbers of threatened or rare species (Gibson et al. 285 

2009; Fraser et al. 2011) . Continuing on the same development trajectory in the worst 286 

impacted zones may lead to substantial losses in provincial-level diversity.  287 
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Despite only 13% total direct impact, high fragmentation has occurred. Large spatial changes 288 

were not always linked with total land-use cover; e.g. oil and gas development typically covers a 289 

small total area, but is comprised of scattered linear features. Boreal White and Black Spruce, 290 

the zone most developed for oil and gas, has around 20% total direct land-use, but a 98% 291 

decrease in average patch area and a 4,900% increase in the total number of patches. In 292 

general, larger ecosystem patches are expected to house higher species richness than smaller 293 

patches and be exposed to fewer edge effects such as microclimate shifts and altered nutrient 294 

cycles (Saunders et al. 1991; Haddad et al. 2015). For individual species, it is likely that 295 

fragmentation interacts with habitat loss, potentially compounding the singular effect of 296 

habitat loss (Andrén 1994). Here, the strong correlation between fragmentation and habitat 297 

loss made statistically teasing apart the role of each, and their interactions, impossible. Though 298 

the experienced levels of fragmentation will differ depending on species, e.g. some species may 299 

experience roads as corridors rather than barriers (Toews 2016), such dramatic changes in 300 

spatial configuration are broadly concerning for ecological diversity and ecosystem functioning. 301 

Total human footprint was largest in the distributions of bighorn sheep, elk, fisher, and wolf. 302 

Yet wolves have lost the least amount of range, and models of species response found fisher to 303 

be positively related to many land-uses, elk to be neutrally related to all land-uses, and bighorn 304 

sheep negatively related only to logging. All three species have experienced local extirpation, 305 

but these areas do not align with intense land-use. Thus, they may be more able to adapt to 306 

land-use than other species. Alternatively, these species may be better explained by impacts 307 

not captured here or at different scales than those considered. For example, fisher populations 308 
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have declined historically due to trapping (Weir 2003) and are still experiencing trapping 309 

pressure (Weir & Corbould 2006). It is unknown whether pressure from human behavior like 310 

trapping is intense enough to cause recorded range losses. Fisher also function in smaller-scale 311 

home ranges than species like caribou and grizzly bears, and so fisher responses to land-use 312 

may be reflected in smaller-scale models. The type of footprint calculated and the relevant 313 

scale at which it is modeled is likely to shift on a species-by-species basis.  314 

Caribou offer an excellent case study for interpreting these data, as they have been extensively 315 

researched and there are well-supported hypotheses on local extinction drivers. Caribou 316 

experience indirect land-use impacts linked to inter-specific competition. Moose (Alces alces) 317 

often move into early seral logging sites near caribou herd ranges (Potvin et al. 2005). Their 318 

presence provides prey year-round for wolves, whose populations spike due to winter resource 319 

limitation release (Seip 1992). When summer caribou ranges overlap with moose ranges, 320 

predator-induced mortality reaches up to 30% of adult females and 100% of herd calves (Seip 321 

1992). In our models, we found that wolves were negatively related with all human land-use 322 

except forest logged within the last 60 years (Table 4), while the best caribou extirpation model 323 

was against forest logged within the last 60 years, and the largest effect size against stands 324 

logged within the last 10 years. Our models effectively highlighted these complex ecological 325 

relationships, implying that other models presented here may accurately reflect natural 326 

processes. For instance, we did not find a relationship between elk or fisher and land-use; 327 

managing these species may need to focus on other threats like over-exploitation that may play 328 

a larger role in range contraction.  329 
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There are also known links between caribou decline and oil and gas development (Hebblewhite 330 

2017) that did not appear in our results. Rather, oil and gas development was positively linked 331 

to caribou persistence because much of the remaining caribou territory is being developed for 332 

petroleum. Though herd numbers across Canada have been reduced dramatically (Wittmer et 333 

al. 2005; Johnson et al. 2015), population management in BC has been active and extirpation 334 

has not occurred, despite precipitous declines. All quantitative models must be complemented 335 

by detailed ecological knowledge and monitoring-based refinement of hypotheses (Burton et al. 336 

2014), particularly given that observational models such as this do not test causality. For 337 

application in future scenario planning, models presented here would benefit from data such as 338 

abundance, historical land-use, and other forms of human impact.  339 

This study emphasizes the presence of threatened ecosystems and species. Ecosystems such as 340 

Coastal Douglas Fir, Bunchgrass, and Ponderosa Pine have been largely developed for human 341 

use and are vulnerable to further change. Beyond the heavily managed caribou, there is 342 

evidence to suggest that large carnivores are particularly sensitive to land-use. Grizzly bears lost 343 

an estimated 14% of their historic range, and persistence was negatively related to all land-344 

uses. Wolf persistence had similar trends, despite low range loss. It is well known that large 345 

predators are sensitive to land-use change and fragmentation (Crooks 2002; Crooks et al. 2011) 346 

because they require large tracts of habitat, large-bodied prey, massive quantities of forage 347 

(grizzlies), and protection from conflict with humans (Prugh et al. 2009; Ripple et al. 2014).  348 

Additionally, particular types of impact featured in our analysis. Logging tenures were found in 349 

every BEC zone. Five of the seven species’ persistence patterns had negative relationships with 350 

logging, including bighorn sheep, a species not found to have relationships with any other land-351 
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use type. Though we found that logging has recently occurred on less than 10% of BC, total 352 

impacts are likely underreported (Figure 4). The difference between public information on 353 

logging and the on-ground reality underscores the amount of data that may be missing from 354 

our calculations. Thus, our footprint estimations may be conservative to varying degrees. A 355 

more accurate assessment would likely shift model results and provide stronger hypotheses for 356 

management planning. 357 

More generally, this analysis emphasizes that the resources and tools are available for 358 

comprehensive CEAs. Land-use data such as those used here are readily available for many 359 

regions, and the methods applied accessible to any manager. Yet CEAs that create future 360 

forecasts and assess cumulative impacts regionally, rather than make decisions on a project-by-361 

project basis, are extremely rare (Baxter et al. 2001; Duinker & Greig 2006; Halpern & Fujita 362 

2013). CEAs offer a robust land-use planning tool in changing landscapes, but only if they 363 

inform decisions at early stages of project development, a process that involves establishing 364 

stakeholder-driven ecological values, highlighting areas for conservation or sustainable use, and 365 

bridging decision-making across regulatory agencies (Johnson 2011). History shows that species 366 

in decline have an elevated probability of extinction (Woinarski et al. 2017), and methodically 367 

applying available tools is critical for preventing other species from sharing the same fate. This 368 

study begins that process for an area of high conservation concern in North America, by 369 

generating quantitative relationships between land-use and probability of extinction that can 370 

be applied to future cumulative effects assessments. 371 

 372 

Supporting Information 373 
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Supplementary Information A: Land-use datasets and descriptions and Supplementary 374 

Information B: Species range estimates are available online. The authors are solely responsible 375 

for the content and functionality of these materials. Queries (other than absence of the 376 

material) should be directed to the corresponding author. 377 
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Table 1: Land use and individual impacts used in this analysis from the most impactful decreasing to 510 
indirect effects calculated as buffers of varying distance 511 

Land use Individual impacts and ranges in estimated spatial extent 

Infrastructure Urban areas, residential areas, and mining 

Roads Roads 

Oil and gas Facility sites, pipelines, development and access roads, seismic lines, well sites, 
disposal sites, sump locations 

Agriculture Agricultural Land Reserves, other agriculture and rangeland development 

Logging: Recent Land logged within the last 10 years, 60 years, and 120 years 

Logging: Sites of activity, no time limit All tenured logging land 

Indirect effects: Oil and gas All land within 250 m, 500 m, 1000 m, or 2000 m of oil and gas development 

Indirect effects: Roads All land within 250 m, 500 m, 1000 m, or 2000 m of roads 

 512 
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Table 2: Spatial changes of each BEC zone before / after direct impacts are removed from the landscape 514 
where direct impacts include infrastructure, roads, oil and gas, agriculture, and logging (logged < 120 515 
years ago). 516 
 517 

 
Zone 

Mean patch area 
change 

Total edge 
change 

 
PAR change 

Aggregation 
change 

Number of 
patches change 

Boreal Altai Fescue Alpine -2.8% -0.7% 5.0% 0.0% 2.6% 

Spruce-Willow-Birch -5.5% -0.3% 9.1% -0.1% 5.6% 

Boreal White and Black Spruce -98.4% -4.4% 9.0% -3.9% 4,904.6% 

Engelmann-Spruce Subalpine Fir -71.0% -3.6% 205.7% -1.0% 237.0% 

Coastal Mountain-Heather Alpine -0.2% -0.0% 0.1% 0.0% 0.2% 

Sub-Boreal Spruce -93.8% -10.2% 26.9% -5.8% 1,205.4% 

Mountain Hemlock -2.0% -0.4% 1.7% -0.1% 1.8% 

Coastal Western Hemlock -69.3% -1.5% 55.6% -2.8% 201.7% 

Interior Cedar-Hemlock -82.6% -7.8% 80.5% -4.6% 416.8% 

Interior Mountain-Heather Alpine -0.1% -0.2% 0.1% 0.0% 0.1% 

Sub-Boreal Pine-Spruce -91.4% -12.9% 25.8% -4.3% 956.5% 

Montane Spruce -73.3% -9.2% 101.2% -5.2% 239.2% 

Interior Douglas-Fir -97.5% -21.7% 105.0% -8.6% 2,557.1% 

Bunchgrass -99.4% -73.2% 152.6% -24.1% 4,600% 

Ponderosa Pine -98.2% -50.2% 236.1% -19.3% 2,212.5% 

Coastal Douglas Fir -97.5% -57.7% 90.6% -35.0% 1,224.1% 

 518 
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Table 3: Range size of each species, and percentage of that range impacted by agriculture; built-up 520 
impacts (infrastructure + roads + oil and gas; grouped for simplicity); recently logged land (within 120 521 
years); total direct use (all the previous minus overlap); land under any governmental logging tenure; 522 
indirect effects up to 2 km; and all effects (direct, tenured land, and indirect effects up to 2 km). 523 
 524 

 
Animal 

Range size 
(thousand km2) 

 
Agriculture 

Built up 
land 

Recently 
logged 

Total 
direct use 

Tenured 
land 

Indirect effects 
up to 2 km 

 
All effects 

Bighorn sheep 1150 11% 5% 5% 18% 11.54% 20% 45% 
Caribou 4540 2% 5% 1% 7% 3.81% 15% 25% 
Elk 3620 9% 7% 4% 18% 9.58% 21% 44% 
Fisher 4090 8% 7% 3% 16% 7.08% 21% 41% 
Mountain Goat 6210 2% 3% 2% 5% 5.16% 9% 18% 
Grizzly 7650 2% 4% 2% 7% 5.73% 13% 25% 
Wolf 9090 5% 4% 3% 11% 6.79% 15% 30% 

 525 
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Table 4: Model results for species persistence. The species is listed on the far left; the top model 527 
according to the lowest AIC score is listed next; the right portion of the table is all other models for each 528 
species that had significant co-variates but were not in the top models (within 2 of the lowest AIC score). 529 
The AIC for each model is included. 530 
 531 

Species Top Model(s) AIC  Model(s) with significant predictors AIC 

Bighorn 

Sheep 

~ -0.8 * Logging (0 - 10 yrs + 11 - 60 yrs 

+ 61 - 120 yrs) 74.3 ~ 0.1 * Mean patch area 

~ - 0.01 * Perimeter-area-ratio 

77.51 

76.21 ~ -1.7 * Logging (0 - 10 yrs) 74.43 

~ -1.1 * Logging (0 - 10 yrs + 11 - 60 yrs) 74.78 

Caribou ~ -1.5 * Logging (0 - 10 yrs + 11 - 60 yrs) 51.7 

~ -2.3 * Infrastructure 77.27 

~ -1.4 * Roads 68.41 

~ 0.2 * Oil and gas 75.48 

~ -2.2 * Logging (0 - 10 yrs) 60.68 

~ -1.0 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs) 55.32 

~ -0.3 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs + tenured land) 69.84 

~ 0.1 * Mean patch area 78.95 

~ - 0.01 * Perimeter-area-ratio 79.58 

Elk ~ 0.03 * Mean patch area -223.59 ~ - 0.01 * Perimeter-area-ratio -231 

Fisher 
~ 0.1 * Total impacts (direct + 2 km 

indirect) 
3.31 

~ 0.1 * Agriculture 24.63 

~ 0.7 * Roads 21.53 

~ 0.3 * Oil and gas 22.33 

~ 0.1 * Total impacts (direct) 18.85 

~ 0.1 * Total impacts (direct + 250 m indirect) 15.96 

~ 0.1 * Total impacts (direct + 500 m indirect) 12.46 

~ 0.1 * Total impacts (direct + 1 km indirect) 7.3 

~ -0.1 * Mean patch area 12.32 

~ -0.1 * Total edge 16.78 

~ 0.01 * Perimeter-area-ratio 19.12 

~ -0.5 * Aggregation 12.72 

~ -3.4 * Logging (0 - 10 yrs) -149.04 ~ -0.3 * Agriculture -138.72 
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Mountain 

Goat 

~ - 0.01 * Perimeter-area-ratio~ - 0.01  -148.64 ~ -0.5 * Infrastructure -130.89 

~ -0.5 * Roads -133.08 

~ -1.1 * Logging (0 - 10 yrs + 11 - 60 yrs) -135.1 

~ -0.5 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs) -128.57 

~ -0.3 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs + tenured land) -124.6 

~ -0.2 * Total impacts (direct) -138.16 

~ -0.1 * Total impacts (direct + 250 m indirect) -133.14 

~ -0.1 * Total impacts (direct + 500 m indirect) -132.61 

~ -0.1 * Total impacts (direct + 1 km indirect) -131.53 

~ -0.1 * Total impacts (direct + 2 km indirect) -130.69 

~ 0.1 * Mean patch area -137.77 

~ 0.2 * Total edge -135.61 

~ 0.4 * Aggregation -123.94 

Grizzly 

bear 
~ -0.3 * Agriculture -508.74 

~ -0.5 * Infrastructure -452.37 

~ -1.1 * Roads -506.49 

~ 0.1 * Oil and gas -440.28 

~ -2.0 * Logging (0 - 10 yrs) -483.21 

~ -1.3 * Logging (0 - 10 yrs + 11 - 60 yrs) -492.96 

~ -0.9 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs) -489.91 

~ -0.1 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs + tenured land) -447.65 

~ -0.3 * Total impacts (direct) -505.71 

~ -0.2 * Total impacts (direct + 250 m indirect) -483.02 

~ -0.2 * Total impacts (direct + 500 m indirect) -480.11 

~ -0.1 * Total impacts (direct + 1 km indirect) -470.09 

~ -0.1 * Total impacts (direct + 2 km indirect) -462.73 

~ 0.1 * Mean patch area -485.34 

~ 0.2 * Total edge -501.94 

~ -0.01 * Perimeter-area-ratio -471.61 
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~ 0.6 * Aggregation -474.54 

Wolf ~ -0.7 * Infrastructure -2,896.53 

~ -0.1 * Agriculture -2,732.57 

~ -0.6 * Roads -2,893.43 

~ 0.1 * Oil and gas -2,715.49 

~ -0.1 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs) -2,717.58 

~ -0.03 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs + tenured land) -2,714.56 

~ -0.1 * Total impacts (direct) -2,746.57 

~ -0.1 * Total impacts (direct + 250 m indirect) -2,736.14 

~ -0.1 * Total impacts (direct + 500 m indirect) -2,735.99 

~ -0.1 * Total impacts (direct + 1 km indirect) -2,732.98 

~ -0.04 * Total impacts (direct + 2 km indirect) -2,729.15 

~ 0.03 * Mean patch area -2,730.13 

~ 0.1 * Total edge -2,744.99 

~ -0.01 * Perimeter-area-ratio -2,718.94 

~ 0.2 * Aggregation -2,735.12 

All species ~ 0.1 * Mean patch area -106.73 

~ -0.3 * Agriculture -96.77 

~ -0.3 * Infrastructure -57.97 

~ -0.5 * Roads -76.03 

~ -1.9 * Logging (0 - 10 yrs) -84 

~ -1.1 * Logging (0 - 10 yrs + 11 - 60 yrs) -88.72 

~ -0.8 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs) -93.49 

~ -0.2 * Logging (0 - 10 yrs + 11 - 60 yrs + 61 - 

120 yrs + tenured land) -68.94 

~ -0.2 * Total impacts (direct) -98.96 

~ -0.2 * Total impacts (direct + 250 m indirect) -79.28 

~ -0.2 * Total impacts (direct + 500 m indirect) -79.32 

~ -0.1 * Total impacts (direct + 1 km indirect) -76.44 

~ -0.1 * Total impacts (direct + 2 km indirect) -77.04 

~ 0.2 * Total edge -95.43 
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~ -0.01 * Perimeter-area-ratio -101.79 

~ 0.5 * Aggregation -76.11 
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Figure 1: Land use change and protected areas across British Columbia, including infrastructure, 534 
roads, oil and gas, agriculture, logging, tenured logging lands, and indirect buffers up to 2 km. 535 
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 537 

Figure 2: BEC zones with all direct impacts overlaid (in black; top), including infrastructure, 538 
roads, oil and gas, agriculture, and logging (time since logging < 120 years). The bottom panel 539 
shows the breakdown of impacts within each zone. 540 
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 542 

Figure 3: Historical and current estimated ranges for all seven mammals. Black areas are the 543 
current estimated ranges, yellow are the historical estimated ranges in which local extinction 544 
has likely occurred, and the white areas represent either locations in BC never thought to have 545 
been within the ranges, or human impacts that have been removed from the ranges. The 546 
number in each box is the proportion of the estimated historic range from which extirpation is 547 
thought to have occurred. 548 
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 550 
Figure 4: Comparison of Vancouver Island logging estimates based on publicly available records 551 

and information provided by the Ministry of Agriculture and Lands Crown Lands Administration 552 

Division in 2007. On the left is the data used in our analysis, all available from DataBC, where 553 

lightest grey represents BC land, medium grey represents logging tenures, and black represents 554 

any land logged within the last 120 years. On the right is the recorded logging areas as per the 555 

Ministry, with grey representing BC land, light purple representing a tree farm license, dark 556 

purple representing a tree farm license “private land”, and green representing privately 557 

managed forest land. 558 
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Supplementary Information A: Land-use datasets and descriptions 
 

Data Map file Source Description Year Shape Attribute Subset 

Land classi-
fication 

GeoBC: 
BTM_PLU_V1 

BC Ministry of 
Environment, 
Lands, and Parks 

Land use polygons as deter-
mined by a combination of ana-
lytic techniques, mostly using 
Landsat 5 image mosaics 1992 polygon 

PLU_LABEL: Agricul-
ture; Residential Agri-
culture Mixes; Alpine; 
Subalpine Avalanche 
Chutes; Barren Sur-
faces; Recently Burned; 
Estuaries; Old Forest; 
Young Forest; Glaciers 
and Snow; Recently 
Logged; Selectively 
Logged; Mining; 
Rangelands; Recreation 
Activities; Shrubs; Ur-
ban; Wetlands; Fresh 
Water; Salt Water 

Conservation inter-
ests:Alpine; Subalpine 
Avalanche Chutes; Bar-
ren Surfaces; Old Forest; 
Young Forest (includes 
Recently Burned, Re-
cently Logged, and Se-
lectively Logged); Glac-
iers and Snow; Shrubs; 
Wetlands; Fresh Water 
Impact interests: Agri-
culture; Residential Ag-
riculture Mixes; Urban; 
Mining; Rangelands 

Conservan-
cies 

GeoBC: 
TA_CONSERV-
ANCY_AR-
EAS_SVW 

BC Ministry of 
Forests, Lands, 
and Natural Re-
source Opera-
tions: Tantalis 
Spatial database 

Conservancy areas designated 
under the Park Act or by the 
Protected Areas of British Co-
lumbia Act ongoing polygon N/A None 

National 
parks 

GeoBC: 
CLAB_NATPK 

Canada Legal 
Surveys Division 

Canada Lands which includes 
Indian Reserves, Cree-Naskapi 
Category 1A and 1A-N Lands, 
Yukon First Nations Settlement 
Lands, Kanesatake Mohawk In-
terim Land Base, National 
Parks, National Park Reserves, 
National Marine Conservation 
Areas and Aboriginal Land 
Claims Settlement Areas 2005 polygon N/A None 

Provincial 
parks 

GeoBC: 
TA_PARK_ECO
RES_PA_SVW 

BC Ministry of 
Forests, Lands, 
and Natural Re-
source Opera-
tions: Tantalis 
Spatial database 

BC Parks, Ecological Reserves, 
and Protected Areas ongoing polygon N/A None 



Wildlife 
manage-
ment areas 

GeoBC: 
TA_WILD-
LIFE_MGMT_A
REAS_SVW 

BC Ministry of 
Forests, Lands, 
and Natural Re-
source Opera-
tions: Tantalis 
Spatial database 

Areas for which administration 
and control has been transferred 
to the Ministry of Environment 
(MoE) via the Land Act due to 
the significance of their wild-
life/fish values and designated 
as Wildlife Management Areas 
under the Wildlife Act ongoing polygon N/A None 

Forest ten-
ure tracks 

GeoBC:FTN_C_
B_PL 

BC Forest Ten-
ures Section 

Operational activities for cut-
blocks contained within har-
vesting authorities ongoing polygon 

LIFE_ST_CD: Retired; 
Pending; Active 

Impact interests: Active; 
Retired 

Vegetation 
age 

GeoBC: 
VEG_COMP_L
YR_R1_POLY 

BC Ministry of 
Forests, Lands 
and Natural Re-
source Operations 
- Forest Analysis 
and Inventory  

Geospatial forest inventory da-
taset updated for depletions, 
such as harvesting, and pro-
jected annually for growth. 
Sample attributes in this dataset 
include: age, species, volume, 
height. The Vegetation Re-
sources Inventory (VRI) deter-
mines both where a resource is 
located and how much of a 
given vegetation resource (for 
example, timber or coarse 
woody debris) is within an in-
ventory unit. ongoing polygon N/A 

0 - 10 years old; 10 - 60 
years old; 60 - 120 years 
old 

Agricultural 
Land Re-
serve loca-
tions 

GeoBC: 
TSLRPLS_poly-
gon 

BC Land Reserve 
Commission 

Boundaries of designated ALR 
locations ongoing polygon N/A None 

BC roads 

GeoBC: DGTL 
ROAD ATLAS 
DPAR SP 

BC Digital Road 
Atlas program 

Partial information about roads 
in British Columbia, restricted 
to publically available data ongoing line N/A None 

Developed 
mineral oc-
currence 

GeoBC: MIN-
FILE 

BC Geological 
Survey Branch 

All bodies of rock containing, 
or thought to contain, ore min-
erals or potential ore minerals; 
point depicts most physical ref-
erence point to the mineraliza-
tion ongoing point 

STAT_DESC: Ana-
moly; Developed Pro-
spect; Past Producer; 
Producer; Prospect; 
Showing 

Impact interests: Devel-
oped Prospect; Past Pro-
ducer; Producer 



Oil and gas: 
facility sites 

GeoBC: 
OG_FAC_ST 

BC Oil and Gas 
Commission 

Facilities containing any group-
ing of equipment where water 
and hydrocarbon liquids are 
processed, measured, upgraded 
(i.e., remove impurities or other 
constituents to meet contact 
specifications), or stored prior 
to the point of custody transfer; 
or where natural gas is pro-
cessed, measured, upgraded, or 
stored prior to entering the nat-
ural gas transmission and stor-
age source category  polygon N/A None 

Oil and gas: 
seismic 
lines 

GeoBC: OG_GE-
OPHY_line 

BC Oil and Gas 
Commission 

Geophysical programs study 
the physical characteristics and 
properties of subsurface for-
mations relating to oil and gas 
deposits, derived artificially by 
explosives or other means to 
map subsurface structure. Spa-
tial data is collected through the 
Oil and Gas Commission?s 
electronic Petroleum Applica-
tion Submission System 
(ePASS). ePass submissions for 
geophysical applications be-
came mandatory October 30, 
2006 and so this dataset con-
tains spatial data for applica-
tions submitted on or after this 
date. All approved final plan 
geophysical applications with 
are included. ongoing line N/A None 

Oil and gas: 
waste dis-
posal loca-
tions 

GeoBC: 
OG_WASTE_DI
SPOSAL_SITES
_SP 

BC Oil and Gas 
Commission 

Drilling waste disposal sites 
from upstream oil and gas oper-
ations. Drilling waste disposal 
areas include portions of the 
wellsite or remote sump where 
drilling wastes have been bur-
ied, spread on land, or mixed 
into soil ongoing polygon N/A None 



Oil and gas: 
well sites 

GeoBC: 
OG_WELL_SIT
ES_PUB_SP 

BC Oil and Gas 
Commission 

The location of clearing or well 
pads ongoing polygon N/A None 

Oil and gas: 
pipelines 

GeoBC: 
OG_PIPE-
LINE_RW_PUB
_SP 

BC Oil and Gas 
Commission 

Area over which a right-of-way 
exists for the purposes of con-
structing, maintaining or de-
commissioning a pipeline ongoing polygon N/A None 

Oil and gas: 
access roads 

GeoBC: 
OG_PETRLM_A
CCESS_ROADS
_PUB_SP 

BC Oil and Gas 
Commission 

Location data for all road appli-
cations received by the Com-
mission, including access roads 
for wellsites and prescribed 
roads, received on or after Oc-
tober 30, 2006. ongoing line N/A None 

Oil and gas: 
develop-
ment roads 

GeoBC: 
OG_DEVRD 

BC Oil and Gas 
Commission 

Location data for all petroleum 
development road applications 
received by the Commission, 
including access roads for well-
sites and prescribed roads, re-
ceived on or after October 30, 
2006. ongoing line N/A None 

Oil and gas: 
sump loca-
tions 

GeoBC: 
OG_SUMP_LC 

BC Oil and Gas 
Commission 

Locations of sump sites used 
for drilling waste disposal ongoing point N/A None 

 
List of datasets and details of use. The 'Status' column details the currency of the information: ongoing datasets are maintained on a daily, 
weekly, monthly, or quarterly basis; other datasets were compiled and uploaded a single time in the year listed. The last two columns detail 
which attribute we used to determine the land use properties of each shape where some of the data needed was irrelevant to our interests. The 
actual attribute we used and all categories within that attribute are listed in the 'Attibutes' column, while the subset of categories we chose to 
use in the analysis are listed in the 'Subset' column. For example, the Developed Mineral Occurrence shapefile containted data on whether 
the mineral had been or is currently being actively extracted. We discarded all points that had not been developed and analyzed only those 
points that had or are under current development. 
 
Data came as polygons and lines. We analyzed polygons as provided, and we transformed all lines into 250-m-wide polygons to match raster 
cell size.  
 
 



Supplementary Information B: Species range estimates 
 
British Columbia has 32 native terrestrial carnivore and ungulate species (Eder & Pattie 2001). 
We did not consider wildlife that are known to respond neutrally or positively to land-use (e.g. 
white-tailed deer and coyote: Toews 2016; cougars: Carter & Linnell 2016), mimicking 
management prioritizations that consider sensitive species first. Additionally, we were not able to 
consider species with too little data to confirm range loss despite recorded declines in abundance.  
Some species such as Roosevelt elk (Cervus canadensis roosevelti) and badger (Taxidea taxus) 
have limited distribution in BC but historic ranges are poorly understood. For others (e.g. small 
mustelids: Zielinski et al. 2004; and wolverines: Lofroth & Krebs 2007), sensitivity to human 
development has been documented and range contractions are probable (Stewart et al. 2016) but 
cannot be mapped with confidence. Their exclusion is an unfortunate, but unavoidable, result of 
the difficulties in understanding the ecology and distribution of cryptic species. 
 
Historic ranges were based on The Mammals of North America (Hall & Kelson 1959) and 
captured species' distributions before Euro-American settlement as per field sightings from the 
18th and 19th centuries. Current ranges were based on The Smithsonian Book of North 
American Mammals (Wilson & Ruff 1999) and Mammals of North America (Kays & Wilson 
2009) and updated with information from the BC Ministry of the Environment. Ministry data are 
a combination of habitat information, field survey data, recent harvest data, and expert opinion.  
 
After editing, we were able to check the distributions for a subset of species through personal 
communication with experts at the BC Ministry of Forests, Lands, and Natural Resources. Of the 
seven species selected, we conferred with experts on current distributions of caribou, mountain 
goat, and grizzly bears. For the remaining four species, we matched our distribution maps with 
the last status reports from the BC Ministry of Forests, Lands, and Natural Resources (bighorn 
sheep and elk: Blood 2000a, 2000b; fisher: Weir 2003; wolves: Ministry of Forests, Lands and 
Natural Resource Operations 2014). 
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