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Abstract: Anthropogenic land use will likely present a greater challenge to biodiversity 

than climate change this century in the Pacific Northwest, USA. Even if species are 

equipped with the adaptive capacity to migrate in the face of a changing climate, they will 

likely encounter a human-dominated landscape as a major dispersal obstacle. Our goal was 

to identify, at the ecoregion-level, protected areas in close proximity to lands with a higher 

likelihood of future land-use conversion. Using a state-and-transition simulation model, we 

modeled spatially explicit (1 km2) land use from 2000 to 2100 under seven alternative  

land-use and emission scenarios for ecoregions in the Pacific Northwest. We analyzed 

scenario-based land-use conversion threats from logging, agriculture, and development 

near existing protected areas. A conversion threat index (CTI) was created to identify 

ecoregions with highest projected land-use conversion potential within closest proximity to 

existing protected areas. Our analysis indicated nearly 22% of land area in the Coast 

Range, over 16% of land area in the Puget Lowland, and nearly 11% of the Cascades had 

very high CTI values. Broader regional-scale land-use change is projected to impact nearly 

40% of the Coast Range, 30% of the Puget Lowland, and 24% of the Cascades (i.e., two 

highest CTI classes). A landscape level, scenario-based approach to modeling future land 

use helps identify ecoregions with existing protected areas at greater risk from regional 

land-use threats and can help prioritize future conservation efforts. 

Keywords: land use; land cover; protected areas; scenarios; state-and-transition models; 

IPCC; conversion threat; Pacific Northwest 
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1. Introduction 

Anthropogenic land use will likely present a greater challenge to biodiversity than climate change 

this century [1]. In the last 300 years alone, more than half of the earth’s land surface has been transformed 

by human activity [2,3], driving widespread habitat losses [4–6] and ecosystem alteration [7]. Changes 

in land use and land cover (LULC) have been linked to species extinction [8], changes in species 

diversity [9], declines in water [10] and air quality [11,12], increases in carbon dioxide emissions [13], 

and climate change at regional and global scales [14–17]. The magnitude and impact of human land 

use on earth’s environment will only increase this century, given population projections and associated 

demand for food, fiber, and energy. Despite existing environmental protections and management 

strategies, increased human land use is likely to further isolate protected areas, inhibiting landscape 

and biological connectivity [18] and diminishing habitat quality. This is especially the case in the 

mountainous western United States (hereafter termed the Pacific Northwest), where competition 

between human land use and land conservation is high [19].  

The setting aside of protected areas is intended to preserve areas of considerable ecological, 

spiritual, or aesthetic value and safeguard biodiversity [20]. However, protected areas do not operate in 

isolation of regional ecological flows and processes influenced by non-local human activity [21]. 

Regional land-use pressures outside of protected areas boundaries often have far-reaching, trans-boundary 

impacts on ecological processes and can threaten biodiversity within protected area boundaries [22]. 

The selection and establishment of additional protected areas can be significantly challenged by 

regional land use [23–26], as potential corridors linking wild lands continually shrink [27]. Even if 

species are equipped with the adaptive capacity to migrate in the face of a changing climate, they will 

likely encounter a human dominated landscape as a major dispersal obstacle [28].  

Research on land-use threats to protected areas has focused on single land use, such as how road 

networks [29], residential encroachment [27,30], and forest clearing [31] impact protected areas. 

Additionally the impacts of agriculture [32] and logging [33,34] on regional habitat and biodiversity 

has been examined. These studies provide useful insight into land-use specific impacts but fall short in 

representing the land-use threat mosaic at the landscape level. Individual species as well as community 

assemblages have varying response mechanisms to cope with land-use pressures, depending on land-use 

type. To address this, Ricketts and Imhoff [35] examined both urbanization and agricultural threats to 

biodiversity to prioritize conservation efforts in ecoregions of the United States. Incorporating multiple 

land-use threats into biodiversity assessments provides a more robust, landscape level view of 

vulnerabilities to land-use change [36].  

With diminishing resources as well as diminishing time to enact effective management strategies, 

more rapid, landscape level analyses are needed to assess multiple land-use threats to biodiversity in 

areas adjacent to protected land [37]. While species level analysis of land-use impact clearly yield the 

most detailed information, they are often costly, difficult to implement, and challenging to integrate 

into the greater ecological framework. The development of landscape level scenarios of future land use 

can help quickly identify areas with higher probability of land-use conversion and subsequent losses of 

both habitat and potential ecosystem reserves [38]. The exploration of spatially explicit land-use 

conversion scenarios is useful in prioritizing protected areas at greater risk from regional land-change 

scenarios [36,39] and inform land use and regional conservation planning decisions.  
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Land-use conversion potential is a key factor in the selection process for new protected lands, 

helping identify protected land vulnerability [40] and guide management strategies [36,41]. Research 

on the economics of private land conservation highlights the importance of potential future land conversion 

on site selection and for optimizing biological benefits of existing conservation areas [42]. In areas 

with a high likelihood of land conversion there is a positive correlation with cost of land protection [42]. 

As a consequence, identifying protected areas surrounded by land with a higher likelihood of future 

conversion can help prioritize future conservation efforts and resources [36,38]. We utilized a  

state-and-transition simulation model (STSM) to generate annual, spatially explicit LULC change 

scenarios at 1 km2 across a range of land-use types to the year 2100. We analyzed scenario-based land-use 

conversion threats from logging, agriculture, and development near existing protected areas in the 

Pacific Northwest. A conversion threat index (CTI) was then developed based on measures of scenario 

agreement on land-use change and proximity of land-use change to protected area boundaries.  

1.1. Land Use and Land Cover Scenarios 

Given the broad range of future uncertainties, LULC projections are useful tools allowing land 

managers to visualize alternative landscape futures, to optimize management practices and improve 

planning [43–46]. Scenarios represent plausible outcomes based on scenario assumptions and/or 

scenario data trajectories. Research using spatially explicit LULC scenarios has analyzed the impacts 

of land conversion on biodiversity [47], hydrology [48], carbon fluxes [49], and climate change [15]. 

Scenario modeling has also identified land use as the leading driver of change in global biodiversity by 

the year 2100 [4]. Scenario-based LULC projections have recently been published for various regions 

in the U.S. [25,50–55]. We present STSM generated LULC projections at 1 km2 based on seven 

alternative future scenarios modeled to 2100 for the Pacific Northwest. Our objective was to identify 

ecoregions with protected areas most threatened by future regional land-use change.  

The Intergovernmental Panel on Climate Change’s (IPCC) Special Report on Emissions Scenarios 

(SRES) [43] included information on land use reported for four macro-scale world regions. The SRES 

scenarios have been widely used by the global change community to understand future environmental 

conditions resulting from climate change [45,56–59]. These scenarios represent a broad range of  

socio-economic futures and include assumptions of future population, economic development, 

technological innovation, and changes in energy resources and use-the major driving forces of 

greenhouse-gas emissions. These course-scale data were downscaled to hierarchically nested ecoregions 

of the conterminous United States to the year 2100 for the A1B, A1, B1, and B2 scenarios [60]. The 

main characteristics of the SRES scenarios are summarized in (Figure 1). Changes in LULC “demand” 

(i.e., the amount of land projected to undergo a change in land use) were projected at 5-year intervals 

from 2000 to 2100 for 15 LULC classes, including 10 natural land-cover classes (water, barren, 

grassland, shrubland, deciduous forest, evergreen forest, mixed forest, herbaceous wetland, woody 

wetland, ice/snow) and five land-use classes (developed, mining, logging, agriculture, hay/pasture) [60]. 

The developed land-use class encompassed areas of intensive use with much of the land covered with 

structures (e.g., high density residential, commercial, industrial, transportation, confined livestock 

operations), or less intensive uses where the land cover matrix includes both vegetation and structures 
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(e.g., low density residential, recreational facilities, cemeteries, etc.), including any land functionally 

attached to the urban or built-up activity [60]. 

Figure 1. Characteristics of the four scenarios based on major driving forces behind the 

Intergovernmental Panel on Climate Change’s Special Report on Emission Scenarios [60]. 

 

Additional scenarios have been developed utilizing estimates of LULC change from the USGS 

Land Cover Trends (“Trends”) project data [61]. The Trends data include estimates of LULC change 

in each of the 84 ecoregions [62] of the conterminous United States for four temporal periods spanning 

1973–1980, 1980–1986, 1986–1992, and 1992–2000. We developed three additional scenarios based 

on the historical Trends observations. These included: (1) a “business as usual” scenario based on 

change estimates for the 1992–2000 Trends period; (2) a “random” scenario, which randomly selects a 

conversion rate between any of the four possible Trends time intervals; and (3) a “historic case” 

scenario based on the 1986 to 1992 Trends LULC change estimates. The 86–92 Trends period was 

marked by the high rates of historical timber harvest in the Pacific Northwest, compared to the 92–00 

Trends period [63]. The 86–92 and 92–00 Trends change estimates captured the varying forest harvest 

rates and represent a high and low harvest scenario, respectively. Each Trends scenario was projected 

out to 2100 following historic LULC change trajectories defined in the scenario nomenclature.  

2. Study Region 

The Pacific Northwest is comprised of the eight Level III ecoregions: (1) Coast Range; (2) Puget 

Lowland; (3) North Cascades; (4) Cascades; (5) Eastern Cascades Slopes and Foothills (hereafter East 

Cascades); (6) Willamette Valley; (7) Klamath Mountains; and (8) Sierra Nevada Mountains (hereafter 

Sierra Nevada) (Figure 2), spanning approximately 319,583 km2. Dominant LULC classes include forest 

(64.4%), grassland/shrubland (21.3%), agriculture (4.4%), and development (4.4%) [19] (Figure 3A). 

Ecoregions are useful units of analysis as they represent semi-continuous regions with common biotic, 

abiotic, and aquatic characteristics, as well as resource capacity and land-use potential [64]. They are 
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defined by fine scale patterns of ecological organization and shaped by local climate and geography, 

resulting in unique species assemblages. Ecoregions have proven useful for observing and synthesizing 

information on LULC change [64,65] and for landscape level analysis of biodiversity [9,35,66]. Level III 

ecoregions [62] were used in both the downscaling of the SRES data and in deriving LULC change 

estimates in the Trends data and serve as the geographic framework for future scenario projections.  

Figure 2. (A) The Pacific Northwest and the Level III ecoregion boundaries. Basemap 

satellite data copyright © ESRI, DeLorme, NAVTEQ, TomTom; (B) Inset map of the Level 

III ecoregion extent; (C) Location map with ecoregions in yellow.  

 

The Pacific Northwest region has a broad range of land uses and exhibited some of the highest 

historical rates of LULC change estimated between 1973 and 2000 [30,63]. Trends ranked the Puget 

Lowland, Coast Range, and Willamette Valley among the highest changing ecoregions in the western 

U.S. [19]. The percent area of each ecoregion that changed at least one time between the 1973 to 2000 

(i.e., footprint of change) in the Trends study period, was 28.0% (Puget Lowland), 25.5% (Coast 

Range), 24.6% (Cascades), 14.5% (Willamette Valley), 12.1% (East Cascades), 10.5% (North 

Cascades), 8.5% (Klamath Mountains), and 5.0% (Sierra Nevada) [19]. Population growth rates were 

almost twice as high as the national average with regional population nearly doubling since 1970 [67]. 

As a result, national housing growth rates during 1940 to 2000 within 50 km2 of wilderness areas, 

national parks, and national forests were highest in the Pacific Northwest [30].  
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Figure 3. (A) The Pacific Northwest land use and land cover (LULC) in the year 2000 

based on the harmonized land cover dataset described in Section 3.3. Basemap satellite 

data copyright © ESRI, DeLorme, NAVTEQ, TomTom; (B) Protected areas in the Pacific 

Northwest with GAP Status 1 (dark green) and 2 (light green).  

 

3. Methods  

3.1. Protected Areas 

Our LULC modeling approach utilized the Protected Areas Database of the United States  

(PAD-US) produced by the USGS National Gap Analysis Program (GAP) [68]. Areas categorized as 

GAP Status 1 or 2 (hereafter termed protected areas; Figure 3B) were not allowed to undergo land-use 

conversion in any scenario and were spatially constrained using the spatial multipliers discussed in 

Section 3.4. GAP Status 1 areas are defined as having permanent protection from conversion of natural 

land cover and a mandated management plan in operation to maintain a natural state within which 
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disturbance events (of natural type, frequency, intensity, and legacy) are allowed to proceed without 

interference or are mimicked through management. Areas with GAP Status 2 have permanent 

protection from conversion of natural land cover and a mandated management plan in operation to 

maintain a primarily natural state, but which may receive uses or management practices that degrade 

the quality of existing natural communities, including suppression of natural disturbance [68].  

We assumed existing protected areas remained constant through 2100.  

3.2. State-and-Transition Modeling 

State-and-transition simulation models (STSMs) have been widely used to simulate landscape level 

vegetation changes over time [69]. STSMs are stochastic, empirical simulation models that use an 

adapted Markov chain approach to predict how variables transition between different states over a 

specified timeframe [70]. An STSM first divides a given landscape into a set of simulation cells with 

an assigned initial state class (e.g., vegetation type, LULC, successional stage, pixel age). The model 

then predicts how each individual cell changes between state classes over time. The latest generation 

of STSMs track age-structure, allow target setting for specific transitions, enable varying transition 

rates over time, and can include triggering transitions based on historic events [71]. STSMs have two 

mechanisms for representing spatial variability by: (1) dividing a landscape into defined spatial strata 

based on landscape similarities, administrative boundaries, or common drivers of change or (2) using a 

spatially explicit STSM where transition events (i.e., fire, forest harvest, non-native species invasions) 

can be modeled to spread across the landscape [70].  

STSMs have been used to address management questions across a broad range of landscape types 

and spatial scales [69,72]. Any number of mitigation strategies, management objectives, treatment 

options, or preferred futures can be simulated. In the Pacific Northwest, STSMs are being used to 

simulate changes in forest structure and composition in efforts to revise forest plans in both Washington 

and Oregon states [71]. They modeled natural and human-induced forest disturbance as well as various 

combinations of forest treatment options (i.e., prescribed burns, thinning) and the associated changes in 

forest structure [71]. This strategy enabled the exploration of different potential management techniques 

and resulting outcomes based on empirical knowledge. STSMs are ideally suited for linking experimental/ 

observational data representative of a given landscape to a broader scale and evaluating landscape 

level response to management activities [73].  

The STSM software ST-Sim was used to model all future LULC change scenarios [74]. In order to 

facilitate analysis between the scenario datasets described in Section 1.1 and the harmonized dataset [75] 

described in Section 3.3, we collapsed the original 15 LULC classes into nine Anderson Level I LULC 

classes (water, developed, barren, mining, grassland/shrubland, forest, agriculture, wetlands, and forest 

harvest) [76]. The deciduous, evergreen, and mixed forest classes were aggregated into a single forest 

class. The agriculture and hay/pasture classes combined into an agriculture class. The grassland and 

shrubland classes were grouped into a single grassland/shrubland class. We examined all transitions out 

of natural land cover and into land use (i.e., developed, agriculture, and forest harvest) as well as 

transitions between land uses (i.e., from agriculture to developed). Described herein is the method for 

initiating and parameterizing our spatial model run.  
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3.3. Model Initiation 

Initial conditions were first defined by supplying a base strata file of Level III ecoregions of the 

Pacific Northwest [62]. For our initial state classes, we utilized a newly developed, harmonized 1 km2 

LULC map product for the year 2000 as our initial state class input [75]. The harmonized LULC state 

class map was created from the merging and validation of the different 30-meter resolution datasets 

listed in Table 1 [77–85]. These datasets were harmonized using a pixel-based data fusion 

process [86]. Nomenclature differences were reconciled through limited aggregation of classes. The 

resulting product used the Anderson Level 1 classification scheme [76]. The harmonization process 

identified pixels remaining unchanged across datasets, relying on convergence of evidence. 

Classification uncertainty was checked against reference imagery and validation datasets. Areas with 

LULC uncertainty between datasets were edited to reflect majority classification agreement. The 30 m 

harmonized LULC map was then resampled to 1 km2 to serve as the best available initial state 

class map.  

Table 1. National spatial datasets used in the harmonized land use and land cover (LULC) 

map product.  

Dataset Date Description Reference

National Land Cover Dataset 
(NLCD) 

1992  
2001  
2006 

Land cover databases 
[77] 
[78] 
[79] 

NLCD Retro Product 1992, 2001 
1992–2001 retrofitted land cover change 

database 
[80] 

LANDFIRE’s Vegetation 
Change Tracker (VCT) 

1984–2010 Annual forest disturbance [81] 

Web-enabled Landsat Data 
(WELD) 

2006–2011 Forest declines over 5-year period [82] 

Cropland Data Layer (CDL) 2010, 2011 Crop specific estimates of crop acreage [83] 
Monitoring Trends in Burn 

Severity (MTBS) 
1984–2010 Annual burn severity and wildfire perimeters [84] 

Forest Cover Types 1991 
25 classes of forest cover as well as water and  

non-forested lands 
[85] 

An initial 2000 forest stand age map was generated from LANDFIRE Vegetation Change Tracker 

(VCT) [81] and data from Pan et al. [87]. The spatially explicit data from Pan et al. set forest age for 

the year 2006 for all forested areas in the U.S. and Canada. These data were recalculated to represent 

forest age at the year 2000, the start of our scenario simulations. Forested pixels younger than six years 

of age in the original 2006 data (indicating a stand-replacing event occurred between 2000 and 2006), 

were assigned a random age based on an ecoregion’s stand age distribution. VCT data for the  

period 1984–2000 were resampled to 1 km2 resolution and “burned” into the stand age map. Stand age 

was tracked through each modeled time step and reset to “0” whenever a forested pixel was harvested. 

A 45-year minimum harvest age was applied [50]. We set our model to run over 100 time steps  

(year 2000–2100) at a single Monte Carlo iteration, due to current computing limitations and output 

data processing requirements.   
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3.4. Model Parameterization 

Tabular data for each of the seven scenarios described in Section 1.1 were imported into ST-Sim 

and set as area targets for projected LULC change over the modeled period. In order to spatially 

constrain allowable land-use transitions, ST-Sim employs a spatial multiplier technique. Spatial 

multipliers identify pixels at higher or lower probability of conversions between specified LULC types. 

We developed a set of spatial multipliers to help guide placement of land-use related conversions 

(Table 2) [68,75,81,88,89]. Majority filters were applied to each individual state class to reduce the 

amount of single pixels or “salt and pepper” effect on the landscape. A focal filter replaced the center 

cell with the majority value of the eight surrounding cells. This process preserved larger patches of the 

same LULC state class, an important pre-cursor for the subsequent “distance to” calculations. All of 

the “distance to” parameters included in Table 2 were calculated using Euclidean distance. Values in 

all datasets were rescaled to values between 0 and 1 to generate probability raster maps. GAP Status 1 

and 2 lands (i.e., protected areas) [68] were restricted from conversion in each spatial multiplier and 

applied a 0 probability for conversion. Transitions without a defined spatial multiplier were randomly 

selected by the model. The various components used for the ST-Sim model initiation are shown in 

Figure 4.  

Table 2. Spatial multipliers developed to spatially constrain land-use conversions.  

Spatial Multiplier Description Datasets and Reference 

Forest Harvest 

Sets parameters for allowable forest harvest 
transition based on distance to historic harvest 
(1984–2009 cumulative harvest from VCT), a 
majority filter of 8 pixels, and conversions on 
protected lands were restricted (GAP 1 & 2). 

VCT [81]  
PAD-US [68] 

Agriculture to 
Grassland/Shrubland 

Sets probabilities of conversion based on distance to 
existing grassland/shrublands, low crop capability, a 
majority filter of 8 pixels, and restricts conversion 
on protected lands (GAP 1 & 2) 

Harmonized LULC [75]  
Crop Capability [88]  
PAD-US [68] 

To Developed 

Sets probabilities of conversion into developed land 
with highest probability occurring on land closest to 
existing, high density development (>80 people/km2). 
Distance to development was calculated and pixels 
>20 km2 away from existing development were 
excluded. A majority filter of 8 pixels was also 
applied. Distance to development and distance to 
high population density were multiplied to produce 
final probability map. Conversions not allowed on 
protected lands (GAP Status 1 & 2) 

Harmonized LULC [75]  
Population Density [89]  
PAD-US [68] 

To Agriculture 

Sets probabilities of conversion into agriculture 
based on distance to existing agriculture and crop 
capability. Restricts conversion on protected lands 
(GAP 1 & 2). 

Harmonized LULC [75]  
PAD-US [68] 
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Figure 4. Conceptual diagram of the major components used in the ST-Sim modeling 

framework and model output. 

 

3.5. Processing Model Output 

Spatial model output was exported from ST-Sim for each scenario model run including (1) annual 

state class output and (2) annual transition maps (>29,000 raster files). All transition group conversion 

files were catalogued by conversion type and scenario for the major land-use changes (i.e., conversions 

to agriculture, development, and forest harvest). Each conversion type had a unique transition group 

value with all non-converting pixels coded as 0. Cell statistics were applied to combine all non-zero 

pixels which underwent a given land-use conversion during the model period for each scenario. Resulting 

output provides a footprint and sum of each given conversion, accounting for total area converted and 

multiple conversions.  

For total conversions into development, the initial state class LULC raster file was reclassified as 

binary, where all 1’s represent existing development at model initiation. For each LULC scenario, 

modeled output at the year 2100 was reclassified, where all developed pixels were classified as 2 and 

all other classes set to 0. The year 2100 was subtracted from the year 2000. All remaining pixels 

classified as 1 represented newly developed pixels over the model period run. Since transitions into 

developed lands were uni-directional, a simple analysis at the ending timestep captures all conversions 

to development over the modeled period. The process described above was also conducted on all 

transitions to development from agriculture, forest, and grassland/shrubland.  

Total forest harvest was calculated by reclassifying each annual forest harvest file as binary. These 

were then summed by scenario using cell statistics. The resulting raster output for each scenario 

contained values 1–3, representing the number of times a given pixel was harvested over the scenario’s 

study period. Values of 1 represented the overall areal extent of forest harvest, with values of 3 being 

the maximum number of times a pixel was projected to be harvested, given the 45 year minimum 
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harvest age set in the model. We then calculated potential harvest intensity, summing forest harvest 

across all seven scenarios, resulting in values ranging from 1 to 18. Values of 18 represented pixels 

where all seven scenarios agreed a forested pixel would be harvested and most scenarios agreed two or 

three harvest cycles would occur. All conversions into agriculture from grassland, forest, and wetlands 

were calculated by recoding all transition groups as binary and applying a sum cell statistics function. 

This results in total agriculture conversions from each initial state class. We did not disentangle 

multiple conversions into and out of agriculture. We assumed a conversion into agriculture even if 

cyclic in nature was a significant enough departure from starting natural vegetation state (i.e., habitat 

condition) to assume fairly permanent alteration.  

3.6. Land Conversion Potential and Conversion Threat Mapping 

To calculate land conversion potential, all transition group files were reclassified as binary and 

summed by maximum value over the model period for all seven scenarios. When combined, these 

values represented areas where ≥ 1 scenarios agreed a given change will occur. In the case of forest 

harvest, some pixels experienced two or three forest harvest events during the 100 year period. Those 

values were summed and rescaled to seven classes using natural breaks to facilitate analysis between 

land-use types in the method described below.  

Conversion potential reveals the degree to which the seven scenarios were in agreement on the 

spatial location of future LULC change. Conversion potential (CP) was mapped for all major land-use 

conversion types as follows: 

CP LULC ∆ …
…

 (1)

where CP  is the conversion potential (CP) projected (P) for each cell (c) over the model period 

2000–2100 and LULC ∆ …
#

	is the projected land use and land cover (LULC) change in a cell for a 

given scenario (s1…n) for each year (y) over the modeled period. A value of 7 indicates all scenarios 

projected a change in LULC for that location, while a value of 0 indicates that none of the scenarios 

projected a change.  

To create our conversion threat index (CTI), we first calculated total onshore protected area extent 

and amount per ecoregion. Protected areas boundaries were grouped together into continuous areas by 

dissolving common boundaries to facilitate “distance to” analyses described below. We converted all 

GIS data to raster format to maintain spatial accuracy.  

We then analyzed the CP at a range of distances to protected areas in the Pacific Northwest. We 

calculated Euclidean “distance to” (DT) measurements at 5, 10, 20, 40, and 50 km buffer distances 

around each protected area and reclassified these distance values as 5, 4, 3, 2, and 1 respectively. A DT 

value of 5 represents pixels within 5 km of a protected area and a DT value of 1 represents pixels 

between 40.1 and 50 km away. Similar work has calculated the amount of housing and development at 

varying incremental distances within 50 km of a protected area [30,90]. A broad range of distances 

was selected to capture a range of threats. Land use within 5 km of a protected area has a more direct 

impact on protected areas than land use at greater distances which can contribute to invasive species 

spread, serve as a barrier to dispersal within connective corridors, and further isolate protected areas [30]. 

A conversion threat index (CTI) was then calculated for each cell as: 
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CTI CP DT  (2)

where CP  represents the cell’s conversion potential over the model period and DT 	represents 

distance to protected area boundary. Resulting CTI values (from 1 to 35) were classified as follows: 

values 1–6, CTI = not classified (i.e., these values represent minimal scenario agreement at greater 

distances from a protected area boundary); values 7–12, CTI = low; values 13–20, CTI = medium; 

values 21–25, CTI = high; and values 26–35, CTI = very high. High CTI values correspond to the high 

conversion potential in closest proximity to protected areas.  

4. Results 

4.1. Changes in Development and Agricultural Land Use over the Modeled Period 

Results of land-use change across the seven scenarios exemplified scenario divergence in the rates 

and types of land-use change. Increases in development and agricultural land uses were seen across all 

scenarios, but were highest in the regional/free market A2 scenario, resulting in 17,569 km2 of  

forest cleared (Table 3).  

Table 3. Total projected Pacific Northwest land area conversions (km2) between 2000 and 

2100 to developed and agriculture for each scenario.  

To Class  From Class 

LULC Scenarios 

A1B A2 B1 B2 
Trends 

86–92 

Trends 

92–00 

Trends 

Random 

Developed 

Forest 5745 8104 3360 2051 6600 6500 5565 

Agriculutre 2810 3907 2086 1140 4412 2902 2900 

Grassland/Shrubland 950 978 943 741 800 900 760 

All Other 796 679 673 681 574 769 568 

Total 10,301 13,668 7062 4613 12,386 11,071 9793 

Agriculture 

Forest 4800 9465 1171 1442 2494 900 1913 

Grassland/Shubland 1831 1871 1395 1086 500 1199 904 

Wetlands 641 826 308 324 618 200 255 

Total 7272 12,162 2874 2852 3612 2299 3072 

Developed and 

Agriculture 
Total 17,573 25,830 9936 7465 15,998 13,370 12,865 

Demand for development in A2 drove widespread losses of existing agriculture, yet losses were 

more than offset by >12,000 km2 of new agriculture, the most of any scenario. The Trends 86–92 

scenario followed with high total development conversion values, also at the expense of forests, but 

with more lands converting from agriculture to development than A2. Interestingly, development 

increases were even higher in the Trends 92–00 scenario than the “business as usual” A1B scenario, 

suggesting an A1B world with lower rates of development than those documented in the late 20th century. 

The lowest conversion of land to development occurred in the regional/environmental focused B2 

scenario. On average 8911 km2 of land was converted to development across SRES scenarios, only 9% 

lower than the Trends Random result (9793 km2). The A2 scenario had the greatest gain in agricultural 

land with nearly double the increase of any scenario. The highest conversions were from forests, 
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grassland/shrubland, and wetlands, which were highest for any scenario. The Trends 92–00 had the 

smallest gain in agriculture. The environment-oriented B1 and B2 scenarios also had small relative 

gains in agriculture lands over the modeled period (Table 3). Conversions from agriculture into 

developed land are considered permanent transitions and represent a loss in potential reclamation or 

mitigation strategy. 

4.2. Forest Harvest 

Forest harvest intensity values of 1 represent all pixels harvested at least one time or the overall 

footprint of forest harvest. Forest harvest intensity values > 1 equal areas harvested multiple times. The 

footprint of projected forest harvest ranged from >54,000 km2 (17.1%) in the Trends 92–00 scenario, 

to >70,000 km2 (22.1%) in the A2 scenario (Table 4). While harvest intensity was not highest in A2, 

forest harvest footprint was greatest (70,573 km2). The A1B scenario had the highest harvest intensity 

(i.e., single pixels harvested multiple times), projecting the most area harvested two and three times 

over the modeled period. The B2 scenario had the second highest rate of overall forest harvest, given 

scenario assumptions of alternative energy use for forest harvest for cellulosic biofuels. Lowest overall 

forest harvest was projected in the Trends 92–00.  

Table 4. Area (km2 and %) of forest harvest in the Pacific Northwest for each modeled 

scenario. Harvest intensity values represent the periodicity of forest harvest, where values > 1 

equal area harvested multiple times.  

LULC Scenarios 
Forest Harvest Intensity 

1 2 3 Total 

A1B 66,972 21.0% 57,931 18.1% 2162 0.7% 127,065 39.8% 

A2 70,573 22.1% 36,845 11.5% 574 0.2% 107,992 33.8% 

B1 66,705 20.9% 25,730 8.1% 216 0.1% 92,651 29.0% 

B2 69,412 21.7% 46,750 14.6% 1304 0.4% 117,466 36.8% 

Trends 86–92 60,064 18.8% 48,033 15.0% 1714 0.5% 109,811 34.4% 

Trends 92–00 54,534 17.1% 21,316 6.7% 317 0.1% 76,167 23.8% 

Trends Random 61,287 19.2% 21,833 6.8% 124 0.0% 83,244 26.0% 

Potential forest harvest intensity combines both scenario agreement and harvest intensity (Figure 5). 

The mostly privately-held forests [19] of the Coast Range had the highest potential harvest intensity 

with >27% of the ecoregion with projected values > 10 (i.e., a minimum of 4 scenarios agree a pixel 

will be harvested 3 times or ≥5 scenarios project 2 to 3 harvests). The Puget Lowlands had more  

than 20% of its land with values > 10 as well, followed by ~16% in the Willamette Valley and <13% 

in the Cascades. Potential forest harvest intensity was lowest in the Sierra Nevada (0.2%). Overall, 

10.7% of the landscape in the Pacific Northwest had values > 10.  
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Figure 5. Potential forest harvest intensity in the Pacific Northwest from 2000 to 2100. 

Values from 1 to 18 represent the cumulative number of times a forested pixel was 

projected to be harvested across all seven scenarios. Ecoregion boundaries are shown and 

protected areas are indicated in black. 

 

4.3. Conversion Potential  

Conversion potential (CP) for all projected land-use transitions (i.e., development, agriculture, 

forest harvest) in the Pacific Northwest is expectedly high, given relatively high historic land-use 

change rates (Figure 6, Table 5). Approximately 11.4% (36,395 km2) of the entire Pacific Northwest 

landscape had a CP of 7, where a land-use conversion was projected across all scenarios (i.e., highest 

possible value). More than half of the scenarios projected an estimated 33.6% (107,381 km2) of the 

region experiencing land-use change (CP ≥ 4) by 2100 (Table 5). By percent land area, the Coast 

Range had the greatest amount of land with highest CP values (~32% of the ecoregion; 17,132 km2) 

followed by the smaller Puget Lowland ecoregion with over 20% (3298 km2). The Sierra Nevada had 

the lowest CP, both in terms of land area and percent total ecoregion.  
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Figure 6. Conversion potential into developed, agriculture and forest harvest lands in the 

Pacific Northwest from 2000 to 2100. Values 1–7 represent the number of scenarios 

projecting land-use conversion over the modeled period. Ecoregion boundaries are shown 

and protected areas are indicated in black.  

 

Table 5. Conversion potential by ecoregion area (km2) in the Pacific Northwest by 2100. 

Values 1–7 represent the number of scenarios projecting land-use conversion over the 

modeled period.  

Ecoregion 
Conversion Potential 

% Area in 7 
1 2 3 4 5 6 7 

Coast Range 2417 1390 2041 3342 5104 8386 17,132 31.7% 
Puget Lowland 1664 1110 656 599 1263 2729 3298 20.0% 

Willamette Valley 2875 1440 687 598 865 1292 1836 12.3% 
Cascades 2613 2722 3918 5082 5462 5873 5951 12.8% 

Sierra Nevada 6966 4083 2705 2083 1794 978 231 0.4% 
East Cascades 7244 4956 4765 4097 3413 3899 4699 8.4% 

North Cascades 2072 1787 1775 1927 1671 1367 1620 5.3% 
Klamath Mountains 6805 5375 4508 3594 3061 2507 1628 3.4% 

TOTAL 32,656 22,863 21,055 21,322 22,633 27,031 36,395 11.4% 
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4.4. Protected Areas 

The North Cascades had the largest percentage of protected area, while the Sierra Nevada had the 

largest areal extent of protected area (Table 6). The Willamette Valley and Puget Lowlands have the 

least amount of protected area by both percent area and total area. Overall > 54,000 km2 or nearly 17% 

of land in the Pacific Northwest is protected.  

Table 6. Protected areas (km2) of the Pacific Northwest by ecoregion.  

Ecoregion 
Area 
(km2) 

GAP 1 
(km2) 

GAP 2 
(km2) 

Total Protected 
(km2) 

Total Protected 
(%) 

Coast Range 53,979 2799 2238 5037 9.3% 
Puget Lowland 16,456 29 301 330 2.0% 

Willamette Valley 14,874 0 186 186 1.2% 
Cascades 46,437 2196 7119 9315 20.1% 

Sierra Nevada 52,866 12,775 3179 15,954 30.2% 
East Cascades 56,115 283 2598 2881 5.1% 

North Cascades 30,312 3536 9618 13,154 43.4% 
Klamath Mountains 48,544 5127 2149 7276 15.0% 

Total 319,583 26,745 27,388 54,133 16.9% 

4.5. Conversion Threat Index 

CTI values of high and very high represent ≥ 5 scenarios in agreement that a pixel will convert 

within ≥ 20 km of a protected area boundary over the modeled period (Table 7). Our results for the 

Pacific Northwest indicate >27,081 km2 of land with very high projected CTI values (Figure 7,  

Table 7). Approximately 17% of the landscape in the Pacific Northwest fall within the high to very 

high CTI classes. Lands categorized with medium CTI values comprise ~15% of the total land area in 

the region. (47,985 km2). While medium CTI land area may not be in closest proximity to protected 

areas, these land-use conversions do reflect increasing regional land-use pressure over the coming 

decades which may impact the integrity of existing protected areas. At the ecoregion-scale, nearly 22% 

of the total land area in the Coast Range and over 16% of the Puget Lowland had very high CTI values 

(Table 7). Cumulatively, lands categorized with high to very high CTI values comprise nearly 40% 

(20,992 km2) of the Coast Range, 30% (4943 km2) of the Puget Lowland, and 24% (11,141 km2) of 

the Cascades.  

Table 7. Conversion Threat Index from 2000 to 2100 for ecoregions in the Pacific Northwest. 

 

CTI Value 

Low Medium High Very High 

Coast Range 5230 9.7% 10,385 19.2% 9264 17.2% 11,728 21.7% 
Puget Lowland 1697 10.3% 2605 15.8% 2267 13.8% 2676 16.3% 

Willamette Valley 1743 11.7% 1918 12.9% 1273 8.6% 888 6.0% 
Cascades 5963 12.8% 11,118 23.9% 6058 13.0% 5083 10.9% 

Sierra Nevada 5893 11.1% 3529 6.7% 674 1.3% 302 0.6% 
East Cascades 8380 14.9% 7609 13.6% 3731 6.6% 2787 5.0% 
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Table 7. Cont. 

 

CTI Value 

Low Medium High Very High 

North Cascades 2784 9.2% 3542 11.7% 1604 5.3% 1966 6.5% 
Klamath Mountains 7785 16.0% 7279 15.0% 2330 4.8% 1651 3.4% 

Total 39,475 12.4% 47,985 15.0% 27,201 8.5% 27,081 8.5% 

Figure 7. Conversion threat index (CTI) in the Pacific Northwest from 2000 to 2100. 

 

5. Discussion  

Land use in areas adjacent to and at varying proximity from protected areas can influence the 

integrity of protected areas as a conservation tool [22,23,25,26]. Local land use can have direct impacts 

on biodiversity via habitat loss, increased fragmentation and isolation, reduced dispersal capability, 

and non-native invasions. Non-local land uses can have broad reaching indirect impacts as well, 

impacting habitat corridors, increasing invasives, and further isolating existing protected areas [30]. 

Assessing the threat of local and non-local landscape level land use is essential for rapidly identifying 
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regions at greater risk of future land-use conversion and protected areas at greater risk of adjacent land 

use. Our scenario land-use projections were divergent, exemplifying inherent variation across scenario 

assumptions and trajectories. Divergence in land-use projections was expected to lower potential 

scenario agreement and thus conversion potential. Lower conversion potential would naturally lead to 

underestimation of conversion threat index (CTI) values, a preferred outcome to overestimation. As 

expected, the A2 emission scenario with rapid population growth, low economic growth, fossil fuel 

dependence, and minimal resource protection had the highest projected changes in non-harvest related 

land use (i.e., conversions to developed and agriculture only) in the Pacific Northwest. In contrast, the 

B2 scenario had the lowest projected changes in non-harvest related land use, due to scenario 

assumptions of resource protection, low population growth, and innovative use of technology. All 

three Trends scenarios (i.e., 86–92, 92–00, and random) had similar projected outcomes for non-forest 

related land use, with the Trends 86–92 having the highest amount of change (15,998 km2) and the 

Trends Random the lowest (12,865 km2, Table 3). 

When forest harvest was included in overall land-use change projections, the A1B scenario 

projected 144,638 km2 (45.2% of 319,583 km2 of land in the Pacific Northwest) would be impacted by 

human land use (i.e., developed, agriculture, and forest harvest) by 2100. The A1B had the highest 

forest harvest impact of any scenario, given the global nature of the scenario and balanced energy sector, 

including tree planting and harvest for cellulosic biofuels [43]. The A2 scenario projected 133,822 km2 

(41.9%) of available land experiencing human land use by 2100. The A2 scenario is one of the high 

but not highest emission scenarios [43]. The Trends 86–92 scenario had the highest projected amount 

of forest harvest this century (34%) and the Trends 92–00 had the lowest. These low rates were a 

continuation of the historic low rates of forest harvest which occurred in the 1990’s due to the virtual 

halting of all forest harvest on federally managed lands in 1991, following protection of the Northern 

spotted owl (Strix occidentalis caurina). The issue was not resolved until 1993 when the Northwest 

Forest Plan was adopted [91]. As a result, between 1965 and 1988, timber sold from Pacific Northwest 

national forests fluctuated annually between 3 and 4 billion board feet [91]. However, in 1991 sales 

dropped to less than 1 billion board feet, a level maintained throughout the 1990s [91]. Based on the 

future SRES scenarios developed by Sleeter et al. [60], future harvest rates on public lands will not 

increase to pre-protection 1986–1992 levels. However, forest harvest on private lands will intensify 

given increased global demand for wood products and to offset reduced allowable harvest on public 

lands this century [60].  

The Coast Range had the highest CP by 2100 of any ecoregion in the Pacific Northwest, is the 2nd 

largest ecoregion by land area, and only 9.3% of its highly productive forests are protected. The 

remaining land is privately-owned and has had historically very high rates of forest harvest compared 

to federally managed land [63]. An estimated 21.7% of land area in the Coast Range had very high 

CTI values (Table 7). Additional protected lands or corridors would likely increase connectivity of 

protected areas in the Coast Range. The comparatively small Puget Lowlands, with only 2.0% of its 

lands protected, had an estimated 16.3% of its land area with very high CTI values (Table 7). Despite 

minimal protected area, lands already designated will likely be challenged by proximal land use this 

century. This is not surprising given the region’s complex land-use mosaic and highest rates of historic 

land-use change documented in the western United States [19]. The Cascades also had high CP values 

and nearly 11% of its land with very high CTI values, due to over 20% of its land protected and high 
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rates of forest harvest. The Willamette Valley is the least protected ecoregion (1.2%) resulting in relatively 

low CTI values, despite relatively high CP values (12.3% of ecoregion with CP = 7) (Table 5). The 

Sierra Nevada was the least threatened ecoregion, according to our CTI results, followed by the 

Klamath Mountains and the East Cascades. An estimated 30.2% of land in the Sierra Nevada is 

protected, second only to the 43.4% of land in the North Cascades. Overall, 11.4% (Table 5) of the 

Pacific Northwest was projected by all scenarios to undergo land-use conversion and 8.5% of these 

projected conversions will occur within close proximity to protected areas (i.e., very high CTI values). 

Our conversion potential results were similar to those resulting from economic-based projections of 

future land use in the U.S. under four different policy scenarios [25]. This work highlighted the Coast 

Range (11%–15%), Puget Lowlands (31%–40%), and Willamette Valley (51%–81%) with high rates 

of change [25]. However, this study did not consider forest harvest as a land-use change, thus lowering 

projections for the Coast Range and all forested ecoregions in the Pacific Northwest compared to our 

results. Under all four scenarios examined, urban (i.e., developed) land use increased 50%–100% in 

heavily populated ecoregions in the Pacific Northwest and forest declines were projected for the Coast 

Range [25]. Our values were lower overall, but the change trajectories were the same. Although, 

differences in classification and modeling approaches make direct comparisons challenging, our CTI 

results were in alignment with global scale projections of land-use conversions by 2100 occurring 

within 50 km buffers surrounding protected areas for both secondary lands (i.e., those recovering from 

disturbance such as forest harvest) and cropland and pasture (our combined agriculture class) [90]. 

Again, classification and scale issues make direct comparison of results minimally effective. Research 

examining national historic housing growth rates near protected areas highlighted the Pacific 

Northwest with 200%–400% housing growth rates between 1940 and 2000 [30]. 

We recognize not all land uses have adverse impacts on local species or habitat and that species and 

communities have varying response capabilities given the land-use type and intensity. However, it was 

not our intent to disentangle the various land-use types or most common conversions in either the CP 

or CTI metrics. The single Monte Carlo iteration has limited interpretive capacity since model 

uncertainty is not quantified. We are currently looking at methods to best incorporate multiple Monte 

Carlo spatial simulations into a single map output representing model uncertainty. This requires 

automated post-processing methods still under development and advanced computing capacity. 

Overall, spatially-explicit LULC scenario data for the United States are sparse and our goal was to fill 

this information gap. While scenarios were not absolute in terms of predictive outcome, they represent 

plausible future conditions, based on historic rates of land-use change, and offer managers and 

planners a view of alternative future landscape conditions. The utility of LULC scenarios goes beyond 

the conservation application described herein and can be applied to any landscape or land-use question. 

State classes can be attributed with any existing spatial data.  

Land use intensification on unprotected lands will increasingly challenge the integrity of existing 

protected areas in coming decades. Rapid LULC assessments will be important, especially in data poor 

environments with high biodiversity. These regions often lack resources to conduct regional biodiversity 

assessments. Using a STSM, LULC scenarios can be generated from a broad range of freely available 

global datasets and analyzed. This method can accompany more traditional species or community level 

data collection techniques where possible, given limited availability of both time and resources. STSM 

of LULC scenarios is an effective method of rapid, landscape level analysis of LULC pressures and 
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can also be used to visualize land-use mitigation strategies. The modeling approach can be incorporated 

into assessments of LULC change threats at a variety of spatial scales. Landscape level, scenario-based 

approaches such as these may prove vital in identifying existing protected areas at greater risk from 

regional land-use threats. 

6. Conclusions  

State-and-transition simulation models are well suited for modeling future LULC change scenarios. 

The simplicity of the ST-Sim model design and raster simulator makes it a useful tool in examining 

alternative scenario futures for a given landscape. Overlays of spatially explicit output from multiple 

scenarios highlight areas with higher probability of future LULC conversion. When areas with highest 

conversion potential are combined with proximity to protected area measurements, ecoregions with 

protected areas most threatened by potential future land conversion can be identified. Our CTI metric 

indicated the North Cascades and Sierra Nevada have the greatest relative amount (by total ecoregion 

area) of protected areas with the lowest threat of proximal land use. In contrast, protected areas in the 

Coast Range, Puget Lowland, and Cascades would likely be most threatened by regional land-use 

within close proximity to protected areas. Our results indicated the Puget Lowland is most vulnerable 

to future land-use conversion, based on very high CTI values and very low amount of protected land 

(2.01%). Such information can assist land managers in developing landscape level approaches to 

conservation planning and management. Our CTI can also be used in additional spatial analysis where 

spatial data are available, such as species richness, climatic tolerance, habitat range modeling, 

migration corridor, and planning zone data. While scenarios have obvious limitations and do not 

represent absolute future outcomes, they do allow a previously unavailable perspective into plausible 

LULC futures based on empirical historic data. Analysis of land-use conversion potential, driven by 

historical change rates is an effective strategy for rapid assessment of lands most likely to undergo 

land-use conversion this century.  

Human land-use demand in the Pacific Northwest will only continue to grow in coming  

decades [25,27,55,60]. Methods to help identify potential habitat at greatest risk of conversion will be 

essential, if effective management strategies are to succeed. Habitat availability will likely be the most 

critical determinant of species success [4–6]. When the factors of human land use are combined with 

projected changes in climate and potential species range shifts, the challenges to biodiversity are only 

magnified [92,93]. Drought conditions in the Pacific Northwest are projected to intensify in coming 

decades [94] which will likely add to the problem. Given projected increases in land use and projected 

changes in climate, species and communities will likely face increasingly difficult adaptive capacity 

challenges [95]. Management and conservation planning strategies incorporating landscape level  

land-use threats into their decision-making processes will be better situated to respond to these challenges. 

Our CTI index map lends itself to a wide range of additional species, community, and ecosystem level 

analyses (e.g., overlay with existing corridor analysis, climatic envelop data, etc.). Incorporation of 

CTI results with landscape-scale indicators of biodiversity vulnerability to climate change [92] would 

greatly improve our ability to target regions at greatest risk from both land use and climate change. 
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