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Abstract: We demonstrate a generalizable approach for assessing climate change effects on tribally 

important ecosystem goods and services. Indigenous peoples may be highly vulnerable to the 

impacts of climate change because they rely on ecosystem goods and services, such as traditional 

foods, hunting, timber production, nontimber forest resources, and cultural resources. However, 

there are few assessments that have examined the potential impact of climate change on these goods 

and services and even less that examine ecological, socio-economic, and cultural resources in the 

Pacific Northwest, USA. Our approach uses four basic steps: (1) identify 78 tribally important 

ecosystem services (species and resources), (2) relate those ecosystem services with biologically 

relevant vegetation projections from a dynamic global vegetation model, (3) identify appropriate 

timeframes and future climate scenarios, and (4) assess future changes for vegetation types and 

ecosystem services. We then highlight how model uncertainty can be explored to better inform 

resilience building and adaptation planning. We found that more than half of the species and 

resources analyzed may be vulnerable to climate change due to loss of potential habitat, including 

aridland species and grazing quality. We further highlight our findings for tribally important 

species, huckleberries (genus Vaccinium) and bitterbrush (Purshia tridentate (Pursh) DC.), and show 

how this information can be applied to help inform resource management and adaptation planning. 

We have demonstrated a generalizable approach that identified tribally important ecosystem 

services and related them with biologically relevant vegetation projections from a Dynamic Global 

Vegetation Model. Although our assessment is focused in the Pacific Northwest, our approach can 

be applied in other regions for which model data is available. We recognize that there is some 

inherent uncertainty associated with using model output for future scenario planning; however, if 

that uncertainty is addressed and applied as demonstrated by our approach, it then can be explored 

to help inform resource management and adaptation planning. 

Keywords: indigenous peoples; Native American; tribes; climate change exposure; adaptation 

planning 

 

1. Introduction 

Warming temperatures, changes in precipitation, and increasing carbon dioxide concentrations 

are already affecting a wide range of natural resources and species [1–4]. Compounding these effects, 

climate change will very likely continue to influence the frequency, intensity, size, and locations of 

disturbances such as wildfire and insect and disease outbreaks [5]. These changes have the potential 

to transform entire ecosystems (e.g., [6]). For instance, historical area burned across the western US 

has increased over the last century and is strongly linked with changes in climate [7]. At the species 
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level, changes in the timing of life-cycle events, such as migration, breeding, and hatching [2,8,9] and 

species distributions have moved in response to climate change [8,10,11]. Climate change has also 

caused plants to flower earlier in the year [12–15], a pattern that will likely continue and may 

decouple critical phenological interactions. Such changes challenge the ability of people to access and 

use natural resources and species. 

Native Americans, also known as the indigenous peoples of the United States (U.S.), may be 

highly vulnerable to climate change because they disproportionately depend on place-based natural 

resources and ecosystem services for a variety of reasons, including food, water, medicine, spiritual 

needs, and cultural identity [16–18]. In the U.S. states of Oregon and Washington, there are 39 

federally recognized tribes [19] and their reservations cover over 16,600 km2. The two largest 

reservations in terms of area are the Confederated Tribes of the Colville Reservation in Washington 

and the Warm Springs Reservation in Oregon, which cover roughly 5500 km2 and 2300 km2, 

respectively. As comparison, the largest national park in the Pacific Northwest is Olympic National 

Park in Washington and covers approximately 3734 km2.  

Tribal land ownership is irregularly distributed across the Pacific Northwest and some 

recognized tribes do not have reservations. Moreover, many Native Americans use lands beyond 

reservation boundaries that are within treaty rights and ceded areas. Therefore, vast natural areas 

within the region are used to hunt, gather, and for cultural and spiritual needs. Because of the 

diversity of the tribes in the Pacific Northwest and their locations, tribes have different perspectives 

as to which natural resources they value and why. Nevertheless, climate change challenges tribal 

members access and supply of natural, socio-economical, and culturally important ecosystem goods 

and services [18,20].  

Ecosystem services can be characterized by the four following categories: (1) provisioning or 

providing food and water, (2) regulating or controlling climate and diseases, (3) supporting nutrient 

cycles and crop pollination, and (4) cultural or providing spiritual and recreational benefits [21]. 

However, examples of ecosystem services that are important to tribes (hereafter referred to as tribally 

important ecosystem services) are diverse and vary by individual, generation, tribe, and geographic 

location. Therefore, we define tribally important ecosystem services as the species and resources that 

supply services and are a function of habitat characteristics and our unique decision-making context 

within this study [22]. Consequently, our categories of ecosystem services differ somewhat from 

internationally recognized standards [21]. For instance, many Pacific Northwest tribes value 

understory forest plant species for food and medicine, such as huckleberries (genus Vaccinium) and 

bitterbrush (Purshia tridentate (Pursh) DC.), both of which may be vulnerable to future warming 

temperatures and shifting precipitation patterns [23,24]. Another example of tribally important 

ecosystem services is found in the woodlands dominated by Garry oak (Quercus garryana Douglas ex 

Hook.) throughout the lowland valleys that span from Oregon to British Columbia, Canada. These 

oak woodlands are valued for many reasons, but particularly for their acorns—a food resource, their 

bark—a medicine, and for the woodland habitat for hunting [25]. However, these woodlands are 

threatened by a combination of land-use conversion and climate change, the latter leading to conifer 

encroachment and forest expansion, a trend that will likely be exacerbated with additional future 

warming [26]. 

Climate change threatens many ecosystem goods and services and a subsequent decline in 

traditional food and water resources increases the risk of food insecurity and cultural significance 

[20]. There have been a number of climate change assessments within the Pacific Northwest [27–30]; 

however, few have focused solely on tribally important species and resources at a regional scale. 

Furthermore, many species and resources important to tribes do not have adequate data to assess 

their future climate vulnerability, thereby making resource management and decision-making 

difficult. There have been a number of individual tribes that have assessed the vulnerability of key 

species of concern [23,24,31,32]. However, these assessments have focused on relatively small spatial 

scales (e.g., a single reservation or ceded lands), and there has been no consistent and generalizable 

approach across the region.  
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Here, we demonstrate a generalizable approach for assessing climate change vulnerability of 

tribal resources and species in the Pacific Northwest, drawing on publicly available data [33]. Our 

approach uses four basic steps: (1) identify tribally important ecosystem services, (2) relate those 

ecosystem services with biologically relevant vegetation projections from a Dynamic Global 

Vegetation Model (DGVM), (3) identify appropriate timeframes and future climate scenarios, and (4) 

assess future changes for vegetation types and ecosystem services. We then highlight how 

uncertainty can be explored to inform resilience building and adaptation planning. Applying this 

approach, we consulted with stakeholders [34], who helped identify important resources and species 

and provided valuable feedback on our approach and results. To further demonstrate how our 

assessment process is applied to individual resources, we examine two tribally important plant 

species—huckleberry and bitterbrush—in detail. Our intent is that the assessment approach 

described below would stimulate discussion and refinement of assessment methods that inform 

resource management and adaptation planning. 

2. Materials and Methods  

2.1. Stakeholder Consultation and Ecosystem Services 

We consulted with 24 tribal stakeholders, including tribal and federal land managers, tribal 

members, and representatives of tribal organizations, in the Pacific Northwest. Through our process 

of consultation—in-person meetings, telephone calls, and electronic communications—our 

stakeholders identified that our analysis should not just focus on tribal reservations, but instead 

should examine all lands across Oregon and Washington (Figure 1). Their reasoning was two-fold: 

(1) reservations cover only a very small amount of land that Native Americans actually use, and (2) 

many Native Americans recognize the larger landscape as being integral to their natural, cultural, 

and spiritual needs. We identified stakeholders through an iterative workshop process on 12 October 

2017, wherein we presented our overall project approach, elucidated ideas and feedback, and 

identified common interests (see Appendix A). Stakeholder interests and feedback were diverse, 

partly a reflection of the variety of organizations and tribes that participated. Stakeholders who 

expressed interest in the project, data, and/or approach were identified and further engaged. 
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Figure 1. Study area showing the gray shaded extent of our analysis encompassing Oregon and 

Washington (U.S.) and tribal reservations delineated in black polygons. 

We consulted with our tribal stakeholders and identified 78 resources and species that are 

valued for providing ecosystem goods or services, or are a good or service themselves, including 

traditional foods (also referred to as first foods), medicinal plants, and spiritual and cultural purposes 

(see Appendix Table A1). Our stakeholders selected ecosystem-based resources and species that are 

well known and relatively well-described and that could be related to particular vegetation types. 

Through an iterative process, our stakeholders divided the 78 resources and species into six groups 

and categorized their benefits. There were 13 species of plants that fall under the category, “first foods 

and medicinal plants”, 12 tree species within the category “timber production & culturally significant 

trees”, and 3 plant species within the “aridland plants” category. For animals, there were 25 species 

within the “mammals and amphibian” category and 23 species within the “birds” category. We also 

included a group referred to as “grazing quality”, representing grasslands, which provide important 

food resources for a number of ungulate species. Many of the identified species and resources have 

been previously recognized as being important to regional tribes [25,35], and our consultation process 

verified that they are currently relevant for tribes in the Pacific Northwest. 

We also consulted with our stakeholders to determine that midcentury (2035–2064) and end of 

the century (2079–2099) were appropriate timeframes for consideration given our use of a simulation 

model and long-term vegetation change. Future climate and carbon dioxide projections encompass a 

broad range of possible future conditions due to different emission scenarios and differences among 

the general circulation models (GCMs) used to simulate future climates [36,37]. The downscaled 

climate dataset that we used, NEX-DCP30, originally includes over 30 GCMs and in response to initial 

discussions with some of our stakeholders, we selected a subset of four GCMs (detailed below). These 

four GCMs represent the future range of annual mean temperature and precipitation climate space 

represented by the full ensemble of GCMs. The selected GCMs serve as potential scenarios for 

exploring the range of vegetation responses for adaptation planning purposes. We then assessed how 

future changes may affect vegetation types and ecosystem services and demonstrate our assessment 

approach by examining two key, but very different plant species: huckleberries and bitterbrush.  
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2.2. Climate Change Projections 

We synthesized existing vegetation and fire regime data from MC2, a regionally calibrated 

DGVM [38,39]. The MC2 model was driven with NASA NEX-DCP30 data, which is comprised of 

downscaled climate projections [40] from Coupled Model Intercomparison Project Phase 5 (CMIP5, 

[41]). The NEX-DCP30 dataset used the PRISM gridded climate dataset [42] as the reference dataset 

in the downscaling process. We identified four appropriate GCMs under the Representative 

Concentration Pathway (RCP) 8.5 (Figure 2). We selected RCP 8.5 to represent a high warming 

baseline scenario, representing a future with no globally coordinated greenhouse gas mitigation [43]. 

In consultation with our stakeholders, we selected four GCMs to capture the range of variability 

among the GCMs in their projected changes in annual average temperature and precipitation [44], 

while avoiding the worst-performing GCMs for the region [36]. Individual organisms and 

populations may respond to seasonal features of climates simulated by GCMs. However, this region 

has a strong Mediterranean climate pattern, with cool and wet winters and hot and dry summers. 

The seasonal patterns of temperature and precipitation are strongly sinusoidal. Therefore, annual 

average temperature and precipitation succinctly captures the general, relative differences among the 

GCMs. The relative positions of GCMs would be similar whether based on annual climate metrics or 

seasonal metrics. CanESM2 was used to represent a “hot-wet” scenario, BNU-ESM was used to 

represent a “hot” (but not “wet”) scenario, and MRI-CGCM3 was used to represent a “warm” 

scenario because it simulated a relatively small amount of warming compared to the other better 

performing GCMs (Figure 2). CESM1-CAM5 was selected because it was closest to the mean of the 

ensemble of GCMs. These climate projections were selected to allow us to exploration a range of 

possible futures, rather than to predict the future. The RCPs are scenarios only and are not associated 

with any probability. 

 

Figure 2. Projected change in average annual temperature (ΔT) and average annual precipitation (ΔP) 

from 31 global climate models (GCMs) between the 2070–2099 and the 1970–1999 periods for the 

Pacific Northwest (Oregon and Washington). ΔT and ΔP were calculated using the NASA NEX-

DCP30 climate dataset [40]. GCMs are ranked according to model skill for simulating historical 

climate of the Pacific Northwest region [36]. The four GCMs used in this study are circled. ACCESS1-

0 GCM was not evaluated [36]. 
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2.3. Vegetation Projections 

DGVMs simulate the underlying mechanisms of plant responses to climate, including vegetation 

biogeography, ecosystem processes, and interactions with wildfire, a regionally important 

disturbance factor. We used the DGVM MAPSS-CENTURY 2 (MC2) to simulate 12 vegetation types, 

representing potential natural vegetation across the study area from 1895 to 2100 (Table 1) [38]. 

Vegetation type, carbon fluxes and stocks, and fire occurrence and effects are emergent properties of 

this process model. MC2 runs on a monthly time-step and captures the interactions between climate 

and broad vegetation types, disturbance, and ecosystem carbon balance. More specifically, MC2 

simulates the response of plant functional types to climate change, including plant physiology, 

biogeography, water relations, and interactions with fire. We used a 30 arc-second (approximately 800-

m grid), monthly time step version of PRISM climate data. We calibrated MC2 for the U.S. Pacific 

Northwest (Figure 1) for the historical period 1895–2009. Only a single dominant tree or shrub 

vegetation type may occupy a cell, with grass in the understory. MC2 simulates per area carbon stocks, 

but not plant density. Each MC2 simulation was driven by a single GCM and the annual output was 

aggregated for three periods: the recent historical time period (1970–1999), midcentury (2035–2064), and 

end of the century (2070–2099). MC2 is also currently being used to inform climate change vulnerability 

assessments conducted by the U.S. Forest Service, Pacific Northwest Region [28,45].  

Table 1. MC2 vegetation types and associated potential natural vegetation [46], as identified in [47] 

and representative species. 

MC2 

Vegetation 

Type 

Potential Natural Vegetation Representative Species 

Subalpine 

forest 

Fir/hemlock, Red fir, Western spruce fir, 

Great basin pine 

Huckleberry, mountain goat, 

American marten 

Maritime 

coniferous 

forest 

Spruce/cedar/hemlock, 

Cedar/hemlock/Douglas-fir forest, Silver 

fir/Douglas fir, Mixed conifer, Redwood  

Salal, devil’s club, Northern 

flying squirrel, Marbled 

murrelet 

Moist 

coniferous 

forest 

Cedar/hemlock/Douglas-fir, Silver 

fir/Douglas-fir 

Oregon grape, Pacific yew, 

Black-tailed deer 

Coniferous 

forest 

Douglas-fir, Cedar/hemlock/pine, Grand 

fir/Douglas-fir 

Pipsissewa, elk, fisher, bobcat, 

Northern goshawk 

Dry coniferous 

forest 

Western ponderosa, Douglas-fir, Ponderosa 

shrub 

Lewis' woodpecker, osprey, 

mule deer 

Warm mixed 

forest 

Oregon oak woods, Mixed Oregon oak 

woods and Cedar/hemlock/Douglas-fir  
Long-tailed weasel, foxglove  

Subtropical 

mixed forest 
California mixed evergreen forest 

Black oak, Rufous 

hummingbird 

Coniferous 

woodland 
Juniper steppe woodland 

Juniper, mule deer, black-

tailed jackrabbit 

Shrub steppe 
Great Basin sagebrush, 

Saltbrush/greasewood, Sagebrush steppe 

Antelope bitterbrush, big 

sagebrush 

Dry shrub 

steppe 

Chaparral, Mesquite/live oak savanna, 

Montane chaparral  

California chaparral, mesquite, 

live oak, osprey, red-tailed 

hawk, jack rabbit 

Grassland Fescue/wheatgrass, Wheatgrass/bluegrass 
Western spotted skunk, mule 

deer, Northern pocket gopher  

Desert Desert (vegetation absent) 
Western rattlesnake, red-tailed 

hawk, golden eagle 
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2.4. Vegetation and Ecosystem Service Guide and Application 

To assess the climate change impacts on ecosystem services, we worked with our stakeholders 

to determine which of the MC2 vegetation types were suitable for each ecosystem service (see Tables 

A1 and S1). We refer to these associations as our “vegetation and ecosystem service guide”. Our 

determination of which vegetation types were suitable was based on habitat associations, forest cover 

types, literature reviews, and expert opinion [48,49]. After the vegetation and ecosystem service guide 

was reviewed by our tribal stakeholders, we then calculated the percent of the study area that each 

of the MC2 vegetation types covered for the historical time period and the eight future projections 

(simulation output driven by four GCMs for two time periods). We averaged the percent area for the 

four future simulations for each time frame. In addition, for each simulation driven by a single GCM, 

we calculated the difference in percent area between historical and the future average. 

After thorough discussions with our stakeholders, we chose to apply projections from the mean 

GCM (CESM1-CAM5) to examine how vegetation types might change in the future. We converted 

the difference between the historical and the future average to a relative directional change, that is to 

say, vegetation types that were projected to shrink in the future were converted to “−1” and 

vegetation types that were projected to expand in the future were converted to “+1”. Although we 

recognize that this method ignores the magnitude of change of vegetation types, it was perferred by 

our stakeholders because it is easy to intepret and is not influenced by dramatic changes in percent 

area. We also converted the species’ associations with vegetation types to binary code so that we 

could assess how the future changes in vegetation types might impact a species’ habitat. For instance, 

if a species was associated with a particular vegetation type, then we recorded a “1”, but if it did not 

have an association, we recorded a “0”. This allowed us to assess the relative change projected for 

one or more future vegetation types for which a species was associated with. For example, species 

that are associated with subalpine forests and subalpine woodlands would have a value (presence) 

for each habitat, in this example totalling two (1 + 1). Subalpine forest and subalpine woodland 

vegetation types are both projected to shrink by the end of the century (−1) and thus the relative 

change in potential habitat would be negative two (2 × −1). 

To further illustrate how projected future changes might impact ecosystem services using model 

output from MC2, we present two specific applications for huckleberry and bitterbrush. We chose to 

focus on huckleberries because they are important for food, medicinal purposes, and are culturally 

significant for many tribes in the Pacific Northwest [25,50]. However, wildfire suppression and 

increased conifer tree encroachment have led to a more closed canopy structure on many huckleberry 

sites, resulting in declining berry production and habitat [51,52]. At high elevations, tree 

encroachment of subalpine meadows is driven in part by snowpack depth and duration [53]. 

Warming temperatures and snowpack declines will likely facilitate increased encroachment in the 

future, a trend that has already been detected in the Pacific Northwest [54].  

Bitterbrush is a slow-growing shrub that is native to the dry interior western U.S., and is valued 

as an important medicinal and cultural resource by Native Americans [55]. Bitterbrush is also 

important as a food resource for wildlife and livestock, as habitat for the Greater sage-grouse 

(Centrocercus urophasianus), and is used in restoration and erosion control in highly disturbed areas 

[56]. Although bitterbrush can be deep rooted and is adapted to a wide range of drought and cold 

conditions, it is sensitive to overgrazing, invasive cheatgrass (Bromus tectorum L.), and increased fire 

[57]. Compounding these threats, climate change is projected to result in wetter winters, which could 

increase cheatgrass growth and spread [58,59], thereby increasing the likelihood of fire [60] and 

negatively impacting bitterbrush. 

We spatially mapped the historical and future habitats for the vegetation types associated with 

huckleberries and bitterbrush using our vegetation and ecosystem service guide, for the mid and end 

of the century. Using our vegetation and ecosystem service guide, we identified that huckleberries 

are generally associated with cool, moist forest types [50]; therefore, we determined that subalpine 

forests, moist coniferous forests, and coniferous forest vegetation types represent potential habitat 

for huckleberries across the study area (see Appendix Table A1). By comparison, bitterbrush is found 

on arid mountainsides and slopes throughout the intermountain west from southeastern British 
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Columbia to southern California and generally occurs as part of temperate mixed shrub and 

woodland communities above 700 m elevation [56,61]. These communities correspond closely with 

shrub steppe and coniferous woodlands and as such we used MC2 coniferous woodland and shrub 

steppe vegetetation types and removed areas below 700 m to represent potential habitat for 

bitterbrush. This elevation limit is a reflection of bitterbrush’s precipitation thresholds [56]; therefore, 

we decided to exclude areas below 700 m in both historical and future simulations. 

To assess the changes in potential habitat for huckleberry and bitterbrush, we compared the 

simulation output for the historical distribution of vegetation types identified with the two species 

with future projections. We idenified locations that were projected to be stable, to expand, and to 

contract by mid and end of the century under CESM1-CAM5, the GCM nearest the ensemble mean. 

We considered a portion of each species’ potential habitat to be stable if those vegetation types were 

simulated to be present both historically and in the future. Expansion was defined as areas that were 

simulated to become newly suitable in the future, and areas of contraction were defined as places 

that were historically suitable but that were simulated to become unsuitable in the future. To explore 

uncertainities among the GCMs, we also examined alternative future simulations for both species 

(Appendix C). 

3. Results 

3.1. Simulated Future Vegetation 

Potential vegetation types across the study area are projected to change substantially by 

midcentury and the end of the century (Figures 3 and 4); however, individual projections driven by 

each of the four GCMs differ. Nevertheless, the overall trend is for warmer-adapted vegetation types 

to expand and displace cooler vegetation types. Model output based on the “hot-wet” GCM—

CanESM—projects that the most pronounced changes in vegetation types occur with forests 

displacing substantial areas of woodlands and shrublands within the dry interior portion of the study 

area (Figures 3 and 5). Across all GCMs, some of the largest changes are projected along coastal areas, 

at high elevations, and within the dry Columbia Plateau for both time frames. Vegetation types 

projected to change the most include subalpine forests, subtropical mixed forests, warm mixed 

forests, woodlands, and shrub steppe. Although the direction of change (increase versus decrease 

extent) varies by vegetation type and GCM, subalpine forests, moist coniferous forests, and shrub 

steppe are projected to shrink in distribution, whereas subtropical mixed forests, warm mixed forests, 

dry coniferous forests, and dry shrub steppe are all projected to expand (Figure 5). 
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Figure 3. Historical (1970–1999) and midcentury (2035–2064) simulations of vegetation types across 

the study area for the BNU-ESM (“hot”), CanESM (“hot-wet”), CESM1-CAM5 (“mean”), and MRI-

CGCM3 (“warm”) GCMs. Tribal reservations are delineated with black polygons. 
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Figure 4. Historical (1970–1999) and end of the century (2070–2099) simulations of vegetation types 

across the study area for the BNU-ESM (“hot”), CanESM (“hot-wet”), CESM1-CAM5 (“mean”), and 

MRI-CGCM3 (“warm”) GCMs. Tribal reservations are delineated with black polygons. 
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Figure 5. Percent of the study area that individual vegetation types cover for historical and four future 

projections for (a) midcentury (2035–2064) and (b) end of the century (2070–2099) under RCP 8.5. 

3.2. Future Changes in Ecosystem Services 

Of the 78 species and resources analyzed, slightly more than half (40) may be vulnerable to 

climate change due to loss of habitat under the CESM1-CAM5 GCM. Within these 40 potentially 

vulnerable species and resources, over one third (14) were determined to have relatively large losses 

of potential habitat (Figure 6, Appendix Table B1), and consisted largely of mammals and birds that 
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are associated with subalpine forests and shrub steppe habitats. By contrast, species and resources 

that were associated with more southern types of forests were found to be less vulnerable, 

experiencing either less change in habitat or a potential expansion of habitat. More specifically, nearly 

a quarter (19) of the total 78 species and resources examined are projected to potentially gain habitat. 

Another quarter (19) had no overall projected change in their habitat suitability. In general, “First 

Foods and Medicinal Plants” are projected to increase in potential habitat (Figure 6), with the 

exception of huckleberries and grass. “Timber Production and Culturally Significant Trees” are also 

projected to increase in potential habitat overall, with the exception of one tree species—Pacific silver 

fir (Abies amabilis). “Mammals and Amphibians” are projected to either decline or experience no 

change in their potential habitat and “Birds”, “Aridland Plants”, and “Grazing Quality” are all 

projected to decline in potential habitat (Figure 6).  

 

Figure 6. The number of ecosystem services and their relative change in potential habitat as calculated 

by converting the difference between the historical and the future average to a relative directional 

change for six categories of ecosystem services by the end of the century (2070–2099) under RCP 8.5. 

Negative numbers of relative change indicate a loss of potential habitat, whereas positive numbers 

indicate a increase of potential habitat. 

3.3. Huckleberry and Bitterbrush 

Future projections of potential habitat (i.e., MC2 vegetation types) for huckleberry show significant 

contraction by midcentury with a loss of 15% of its historical habitat, mostly along the coastal areas. This 

trend is even more pronounced by the end of the century, with a widespread (41%) loss of potential habitat 

(Table 2, Figure 7). Nearly all of this contraction is concentrated on the west side of the Cascade Range 

and is largely driven by displacement of moist coniferous forests by warm mixed forests and subtropical 

mixed forests (Figures 3 and 4). There is a small amount of expansion of potential habitat for huckleberry 

of 8% by the midcentury and 10% by the end of the century (Table 2, Figure 7). Most of these newly 

suitable habitats are projected to occur on the eastside of the Cascade Range and are located in areas that 

are historically dominated by coniferous woodlands. These woodlands are projected to transition into 

coniferous forests by mid and end of the century under the four GCMs (Figures 3 and 4). Areas that are 

simulated to remain stable for potential habitat are concentrated mostly in the mountain ranges, including 

the Coast Range and Blue Mountains in Oregon, Olympic Mountains in Washington, and the Cascade 

Range in both Oregon and Washington.  
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Table 2. Area (square kilometers) of potential expansion, contraction, and areas that may remain 

stable for huckleberry and bitterbrush habitat for the study area. 

 
Huckleberry Bitterbrush 

2050s 2080s 2050s 2080s 

Historical potential habitat 235,871 235,871 167,647 167,647 

Expansion 19,122 24,164 10,230 0 

Contraction 35,180 97,350 19,947 33,648 

Stable 200,691 138,520 147,701 134,000 

Overall change in habitat −51,238 −170,537 −29,663 −67,295 

 

Figure 7. Projected potential habitat for (a) huckleberry (top row) and (b) bitterbrush (bottom row) 

based on the CESM1-CAM5 GCM for mid and end of the century under RCP 8.5. Tribal reservations 

are delineated with black polygons. 
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Potential habitat for bitterbrush consists of coniferous woodlands and shrub steppe, two 

vegetation types that are projected to decline 12% by midcentury and 20% by the end of the century 

(Table 2, Figure 7). As identified above, coniferous woodlands are projected to be displaced by 

coniferous forests throughout much of their historical extent in Washington and Oregon. Locations 

that may experience the most pronounced changes are areas surrounding the Columbia Basin in 

Washington and Oregon and in southern Oregon (Figures 3 and 4). Interestingly, potential habitat 

for bitterbrush is projected to increase by 6% by midcentury but then disappear by the end of the 

century, illustrating the dynamic nature of plant productivity and fire effects within woodlands and 

shrublands. Areas that are projected to remain as suitable habitat for bitterbrush are located mostly 

in arid southwestern Oregon and on the eastern portion of the Columbia Basin.  

4. Discussion 

Our results demonstrate a generalizable approach of applying DGVM data to assess climate 

change vulnerability of tribally important species that provide important ecosystem services. This 

assessment is focused in the Pacific Northwest; however, it could be applied in other areas if model 

data is available. Our approach of identifying important species and resources, relating those to 

vegetation model projections, identifying appropriate timelines and climate scenarios, and assessing 

future changes could be applied by others, with alternative data or models, and in different areas. As 

might be expected, we found that the individual ecosystem services identified by our stakeholders 

may be impacted quite differently from one another, reflecting the widely recognized perception that 

there will be “winners” and “losers” associated with climate change [62]. Species that are associated 

with more southern and/or dry vegetation types, such as dry coniferous forests, subtropical forests, 

warm mixed forests, and dry shrub steppe, were projected to expand their potential habitats. While 

some of these vegetation types might be vulnerable at the trailing edge of their distributions, they 

may have new potential habitat to offset these losses, allowing expansion along the leading edge [63]. 

These potential “winner” vegetation types may include a number of culturally important trees such 

as ponderosa pine (Pinus ponderosa Douglas ex C.Lawson) and California black oak (Quercus kelloggii 

Newberry), and understory plants including horsetail (Equisetum arvense L.), Oregon grape (Mahonia 

aquifolium (Pursh) Nutt.), and pipsissewa (Chimaphila umbellate (L.) Barton). Recent trends in global 

land cover, particularly along the western coast of North America, also support the expansion of 

some temperate forest types in recent decades [64]. An increase in the overall potential habitat for 

forest types may lead to enhanced timber production in some parts of the region, a pattern supported 

by recent modeling efforts [33]. However, while some vegetation types may expand in the future, 

they will be located in different areas, and these areas might be outside tribal reservations, or be 

higher in elevation or have limited public access. Our assessment did not include these types of 

potential impacts related to future migration patterns. We also recognize that projections from 

alternative GCMs may result in different species-specific interpretations. 

Our results also indicate there may be important “losers” for tribally important species that 

provide important ecosystem services. For instance, we found that species that are associated with 

high elevation and cool, moist forest types were projected to decline in potential habitat. High 

elevation and subalpine vegetation types have short growing seasons and receive much of their 

precipitation in the form of snow. Our results show that warming temperature and declining 

snowpack within these vegetation types will negatively impact some species. This finding is widely 

supported by other studies drawing on empirically derived data, including common garden 

warming experiments. One such study demonstrated that the establishment or new seedling growth 

of some high-elevation species, such as Engelmann spruce (Picea engelmannii Parry ex Engelm.), was 

adversely affected by warming [65]. Others have also documented a decrease in the establishment of 

high-elevation fir and spruce across their distribution coinciding with recent warming and declining 

snowpack [66]. A poignant example of a declining high elevation species is whitebark pine (Pinus 

albicaulis Engelm.), which plays an important role in maintaining biodiversity and ecosystem 

functions at high elevations [67,68]. The compounding effects of white pine blister rust (Cronartium 

ribicola J.C.Fisch.), mountain pine beetles (Dendroctonus ponderosae), fire exclusion, and climate change 
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have contributed to range-wide decline of whitebark pine [68]. There are many tribally important 

species associated with subalpine forests, including important first foods. Our results show that 

subalpine forests are projected to shrink by an average of 94% across the study area by the end of the 

century. The dramatic loss of this vegetation type is largely due to warming temperatures and the 

subsequent displacement by lower elevation temperate forest types that are able to outcompete 

subalpine forests for nutrients and water, a pattern that has occurred in the past during low snowpack 

years [53,54].  

In general, driving mechanisms for many of the potential changes in vegetation and ecosystems 

services that we present vary by vegetation type and GCM climate projection. However, much of 

these changes can be attributed to a novel lengthening of the growing season due to warming 

temperatures coupled with increased precipitation in spring and fall [28,69]. MC2’s vegetation 

productivity algorithm also accounts for the carbon fertilization effect from increasing carbon dioxide 

concentrations in the future, which can lead to increased plant growth when temperatures are not 

beyond the photosynthetic optimum and when soil water availability is adequate [70–72]. These 

factors largely explain the simulation output showing southern and lower elevation vegetation types 

displacing northern and higher elevation types, and the expansion of warm and mixed forest types 

in the western part of the region, a trend supported by other studies [28,69,73,74]. By contrast, the 

projected decline of the temperate shrub steppe vegetation type is largely the result of declining 

summer soil moisture and a displacement by dry shrub steppe [75]. 

Using our examples for huckleberry and bitterbrush, we demonstrate how data from a DGVM 

could be used to inform potential changes to specific ecosystem services and to prioritize appropriate 

adaptation options. Our DGVM informed projections of vegetation change indicate that huckleberry 

habitat at midelevation in the Cascade Range may remain potentially suitable in the future, a trend 

supported by other studies [76]. However, we did not distinguish individual huckleberry species and 

recognize that high-elevation species, such as Cascade bilberry (Vaccinium deliciosum Piper), may be 

significantly impacted because of the projected displacement of subalpine habitats. In addition, our 

results do not provide information about berry production, a key factor in relation to Native 

American use [77]. Nevertheless, our findings have strong implications for both huckleberries and 

bitterbrush management by identifying and protecting habitat that is projected to remain potentially 

suitable under multiple future climate scenarios, a well-accepted adaptation strategy [78]. These 

stable locations may be prime areas to ensure adequate resource protection by limiting heavy 

recreational uses and impacts [79]. For example, managers could increase the regulation of 

huckleberry harvesting in some areas, a tactic that has been recently implemented in parts of British 

Columbia, Canada [80]. Our results can also be used to prioritize monitoring of areas that are 

projected to contract in the future. For instance, monitoring using remote-sensed data has been used 

to track the health and productivity of other species [81]. If huckleberry and bitterbrush do disappear 

from these locations, identifying the drivers of that disappearance would be informative to future 

modeling and restoration efforts [82]. Lastly, areas that are projected to expand in potential habitat 

may offer opportunities for experimental planting or restoration strategies [78,81]. Many of these 

areas were identified east of the Cascade Range, and are located in transition zones or ecotones 

between forests and woodlands. 

Adaptation strategies should consider management objectives, organizational capacity, and 

spatial and temporal scales [83], but can also specifically focus on increasing the resistance and 

resilience of ecosystems and individual species, such as huckleberry [84]. For example, under 

consultation with local tribes, resource managers (both tribal and nontribal) may increase habitat 

protection in high-value areas or apply forest management activities, such as selective thinning or 

prescribed burning, to promote desired species composition and forest structure [78,84,85]. These 

actions are warranted in response to our study results, which find that moist coniferous forests found 

west of the Cascade Range may be displaced by warm mixed (deciduous and evergreen) and 

subtropical mixed (California deciduous and evergreen) forests, a trend also identified by others 

[73,74]. This trend is also generally consistent with the paleoecological evidence, which shows that as 

the climate warmed during the early Holocene, Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco), 
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red alder (Alnus rubra Bong.) and oak species replaced spruce and pine at lower elevations in the 

Coast Range and Western Cascades [86–90]. On drier sites, an increase in the frequency of fire during 

warmer periods has also been shown to favor species such as Douglas-fir and lodgepole pine (Pinus 

contorta Douglas) [86,91]. The frequency and severity of these disturbances and their resulting effects 

could have substantial impacts on huckleberry habitat and productivity [92].  

Studies exploring the impacts of future climate change must confront enormous uncertainties. 

The largest source of uncertainty are the climate change scenarios themselves, as the socioeconomic 

path and mitigation policies to be taken by societies around the globe are unknown. The 

representative concentration pathways (RCPs) are not associated with any probabilities. After many 

discussions with our stakeholders, we chose to use RCP8.5 in this study because it represents a future 

with high population growth, high energy demand, and the absence of climate change mitigation 

policies [93], and serves as a high warming reference scenario. Moreover, GCMs themselves engender 

further uncertainties, as each GCM has its biases and errors. GCM-based uncertainty is demonstrated 

by the large degree of variability in the direction of change by some of the individual MC2 vegetation 

types, such as shrub steppe, coniferous woodlands and moist coniferous forest (see Figure 5). An 

additional source of uncertainty is the downscaling method used to obtain fine-scale climate grids 

from the coarser GCM outputs. As such, the projected changes in potential natural vegetation types 

are a result of multiple factors, including greenhouse gas concentrations and climate model biases. 

In light of these uncertainties, the strategic selection of the four GCMs we used provides a framework 

for exploring a possible range of climate change impacts, rather than an intent to predict a probable 

outcome.  

Our approach of using DGVM model output to assess climate change impacts on ecosystem 

services is illustrated by using one vegetation model—MC2. Although we demonstrate an early 

attempt of linking DGVM model output with many tribally important ecosystem services, there are 

other models available (e.g., LPJ-GUESS [74]). As with other vegetation models, MC2 does not 

simulate all possible ecological processes. In particular, MC2 does not simulate dispersal processes, 

genetic adaptation, or phenotypic plasticity, leaving many opportunities for improvements. MC2 

does incorporate fire disturbances, but does not consider other important disturbance processes, such 

as insect and disease outbreaks, which may interact with fire and exacerbate forest mortality [94]. 

MC2 does not incorporate anthropogenic disturbances, which may result in different patterns of 

vegetation than potential natural vegetation simulations. MC2 may also underestimate drought 

effects, as it does not specifically simulate plant hydraulics and the adverse effects of drought effects 

on them. Subsequently, MC2 may overestimate forest expansion into shrublands and shrub steppe 

under some climate scenarios. There are also important uncertainties associated with linking DGVM 

vegetation types with individual species. For instance, it is unlikely that the entire extent of a 

vegetation type would be suitable for a given species. Future projections may, therefore, over or 

underestimate actual potential habitat. Future research could apply additional information, such as 

soils data and known temperature thresholds, and could be used to constrain the distribution of 

species [95]. 

5. Conclusions 

Climate change is already affecting a wide range of tribally important ecosystem goods and 

services, including food, water, medicine, spiritual needs, and cultural identity. In this study, we have 

demonstrated a generalizable approach that identified 78 tribally important ecosystem services and 

have related them with biologically relevant vegetation projections from a DGVM. Although we 

focused our assessment in the Pacific Northwest, our approach can be applied in other regions for 

which model data is available. We recognize that there is some inherent uncertainty associated with 

using model output for future scenario planning; however, if that uncertainty is addressed and 

applied as demonstrated by our approach, it can then be explored to help inform resource 

management and adaptation planning.  
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Figure A1. Stakeholder Workshop Agenda, 12 October 2017, Tacoma, WA. 

Table A1. Tribally important ecosystem. services and species. 

Ecosystem Service Common Name Scientific Name 

First Foods & Medicinal Plants   

 Huckleberries Vaccinium spp. 

 Horsetail Equisetum arvense L. 

 Ferns Polypodiophyta 

 Salal Gaultheria shallon Pursh 

 Grass Poaceae 

 Kinnikinnick 
Arctostaphylos uva-ursi (L.) 

Spreng. 
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 Oregon grape Mahonia aquifolium (Pursh) Nutt. 

 Foxglove Digitalis purpurea L. 

 Pipsissewa Chimaphila umbellate (L.) Barton 

 Stinging nettle Urtica dioica L. 

 Camas Camassia quamash (Pursh) Greene 

 Yarrow Achillea millefolium L. 

 Devil's club Oplopanax horridus (Sm.) Miq. 

Timber production & culturally 

significant trees 
  

 Western redcedar Thuja plicata Donn ex D.Don 

 Sitka spruce Picea sitchensis (Bong.) Carr. 

 Garry oak 
Quercus garryana Douglas ex 

Hook. 

 Douglas-fir 
Pseudotsuga menziesii (Mirbel) 

Franco 

 Ponderosa pine 
Pinus ponderosa Douglas ex 

C.Lawson 

 Lodgepole pine Pinus contorta Douglas 

 Western white pine 
Pinus monticola Douglas ex D. 

Don 

 Pacific madrone Arbutus menziesii Pursh 

 Pacific silver fir Abies amabilis Douglas ex J.Forbes 

 Western hemlock Tsuga heterophylla (Raf.) Sarg. 

 Pacific yew Taxus brevifolia Nutt. 

 Port Orford cedar 
Chamaecyparis lawsoniana (A. 

Murray) Parl. 

Aridland plants   

 Big sagebrush Artemisia tridentate Nutt. 

 Western juniper Juniperus occidentalis Hook. 

 Antelope bitterbrush Purshia tridentate (Pursh) DC. 

Mammals   

 Beaver Castor canadensis 

 Yellow-bellied marmot Marmota flaviventris 

 American marten Martes americana 

 Canada lynx Lynx canadensis 

 Black bear Ursus americanus 

 Mountain goat Oreamnos americanus 

 Black-tailed deer Odocoileus hemionus columbianus 

 Mule deer Odocoileus hemionus 

 Elk Cervus canadensis 

 White-tailed deer Odocoileus virginianus 

 Western spotted skunk Spilogale gracilis 

 Long-tailed weasel Mustela frenata 

 Black-tailed jackrabbit Lepus californicus 

 Mountain lion Puma concolor 

 Bobcat Lynx rufus 

 Fisher Pekania pennati 

 Northern pocket gopher Thomomys talpoides 

 Northern flying squirrel Glaucomys sabrinus 

 Muskrat Ondatra zibethicus 

 Northern river otter Lontra canadensis 
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Merriam's ground 

squirrel 
Urocitellus canus 

 Hoary bat Lasiurus cinereus 

 Silver-haired bat Lasionycteris noctivagans 

 Desert woodrat Neotoma lepida 

Amphibian   

 Columbia spotted frog Rana luteiventris 

Birds   

 Canada goose Branta canadensis 

 Bald eagle Haliaeetus leucocephalus 

 American pipit Anthus rubescens 

 Cassin’s finch Haemorhous cassinii 

 Gray-crowned rosy-finch Leucosticte tephrocotis 

 Marbled murrelet Brachyramphus marmoratus 

 Northern goshawk Accipiter gentilis 

 Rufous hummingbird Selasphorus rufus 

 Great gray owl Strix nebulosa 

 Brown creeper Certhia americana 

 Lewis' woodpecker Melanerpes lewis 

 Northern pygmy owl Glaucidium californicum 

 Steller's jay Cyanocitta stelleri 

 Osprey Pandion haliaetus 

 Mountain chickadee Poecile gambeli 

 White-faced ibis Plegadis chihi 

 Northern flicker Colaptes auratus 

 Gray jay Perisoreus canadensis 

 Golden eagle Aquila chrysaetos 

 Brewer's sparrow Spizella breweri 

 Greater sage grouse Centrocercus urophasianus 

 Pileated woodpecker Dryocopus pileatus 

 
American three-toed 

woodpecker 
Picoides dorsalis 

Grazing quality N/A N/A 

Appendix B 

Table B1. Tribally important ecosystem services and their relative change in habitat as related to MC2 

vegetation types for the end of the century (2070-2099) for the mean GCM (CESM1-CAM5). 

Ecosystem Services Relative Change in Habitat 

First Foods & Medicinal Plants   

Huckleberries −1 

Grass −1 

Salal 0 

Kinnikinnick 0 

Foxglove 0 

Stinging nettle 0 

Devil's club 0 

Yarrow 1 

Horsetail 2 

Oregon grape 2 

Pipsissewa 2 

Camas 2 
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Ferns 3 

    

     Timber production & culturally significant trees  
 

 

Pacific silver fir −1 

Ponderosa pine 0 

Lodgepole pine 0 

Port Orford Cedar 0 

Western redcedar 1 

Sitka spruce 1 

Garry oak 1 

Douglas-fir 1 

Western hemlock 1 

Pacific yew 1 

Timber productivity 2 

Western white pine 2 

Pacific madrone 2 

    

Aridland plants   

Sagebrush −1 

Juniper −1 

Antelope bitterbrush −1 

    

Mammals & amphibians   

Northern pocket gopher −4 

Black bear −3 

Long-tailed weasel −3 

Black-tailed jackrabbit −3 

Merriam's ground squirrel −3 

Desert woodrat −3 

Mountain goat −2 

Western spotted skunk −2 

Bobcat −2 

Muskrat −2 

Yellow-bellied marmot −1 

Canada lynx −1 

Elk −1 

White-tailed deer −1 

Northern river otter −1 

Silver-haired bat −1 

Beaver 0 

American marten 0 

Black-tailed deer 0 

Mule deer 0 

Mountain lion 0 

Hoary bat 0 

Columbia spotted frog 1 

Fisher 1 

Northern flying squirrel 1 

    

Birds   

Golden eagle −5 

Gray-crowned rosy-finch −4 
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American pipit −3 

Northern goshawk −3 

Steller's jay −3 

Osprey −3 

Brewer's sparrow −3 

Cassin’s finch −2 

Marbled murrelet  −2 

Mountain chickadee −2 

Northern flicker −2 

Greater sage grouse −2 

Canada goose −1 

Rufous hummingbird −1 

Northern pygmy owl −1 

White-faced ibis −1 

Gray jay −1 

Bald eagle 0 

Great gray owl 0 

Brown creeper 0 

Lewis' woodpecker 0 

Pileated woodpecker 0 

American three-toed woodpecker 1 

    

Grazing quality −3 

Appendix C 
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Figure C1. Projected potential suitable habitat for huckleberry and bitterbrush based on four GCM 

simulations for mid and end of century under RCP 8.5. Tribal reservations are delineated with black 

polygons. 
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