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Abstract Increasing pressures from land use coupled

with future changes in climate will present unique chal-

lenges for California’s protected areas. We assessed the

potential for future land use conversion on land surround-

ing existing protected areas in California’s twelve ecore-

gions, utilizing annual, spatially explicit (250 m) scenario

projections of land use for 2006–2100 based on the Inter-

governmental Panel on Climate Change Special Report on

Emission Scenarios to examine future changes in devel-

opment, agriculture, and logging. We calculated a con-

version threat index (CTI) for each unprotected pixel,

combining land use conversion potential with proximity to

protected area boundaries, in order to identify ecoregions

and protected areas at greatest potential risk of proximal

land conversion. Our results indicate that California’s

Coast Range ecoregion had the highest CTI with compe-

tition for extractive logging placing the greatest demand on

land in close proximity to existing protected areas. For

more permanent land use conversions into agriculture and

developed uses, our CTI results indicate that protected

areas in the Central California Valley and Oak Woodlands

are most vulnerable. Overall, the Eastern Cascades, Central

California Valley, and Oak Woodlands ecoregions had the

lowest areal percent of protected lands and highest con-

version threat values. With limited resources and time,

rapid, landscape-level analysis of potential land use threats

can help quickly identify areas with higher conversion

probability of future land use and potential changes to both

habitat and potential ecosystem reserves. Given the broad

range of future uncertainties, LULC projections are a

useful tool allowing land managers to visualize alternative

landscape futures, improve planning, and optimize man-

agement practices.

Keywords Land use change � Conversion threat index �
Oak woodlands � Coast range � IPCC scenarios � Future

projections � Ecoregions � Protected areas

Introduction

In this century, human land use will likely present a greater

threat to biodiversity than climate change (Dale 1997; Sala

et al. 2000). Land use has already transformed more than

half of the earth’s land surface in the last 300 years (Turner

et al. 1990; Vitousek et al. 1997). Changes in land use and

land cover (LULC) have been linked to habitat loss (Soule

2001; Seabloom et al. 2002), species extinction (Davies

et al. 2006), changes in species diversity (Rittenhouse et al.

2012), declines in water (Foley et al. 2005) and air quality

(Romero et al. 1999; Ross et al. 2006), carbon dioxide

emissions (Houghton and Hackler 2001), and climate

change at regional and global scales (Bonan 1997; Pielke

et al. 2002; Lawrence and Chase 2010; Pitman et al. 2011).

Continued land use change is expected in coming decades,

as human demand for food, fiber, energy, and urban

development continue to grow with increasing population.

Complex interactions between changing demographics,

policies, economics, technologies, and climate will also

influence and determine future LULC (Arnell et al. 2004;

Bierwagen et al. 2010). While many environmental pro-

tections and management strategies are currently in place

to protect landscapes, increasing land-use intensity could
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further isolate protected areas, inhibiting landscape and

biological connectivity (Fischer and Lindenmayer 2007)

and diminishing habitat quality (Hansen and Rotella 2002).

In California, competition between land use and land

preservation is already high and will only intensify in

coming decades.

While protected areas are intended to safeguard biodi-

versity, they do not function in isolation of regional eco-

logical flows and processes altered by human activity

(Hansen and DeFries 2007). Land use in areas adjacent to,

and at varying proximity from protected areas can influence

the value and success of protected areas as a conservation

method (Hansen et al. 2002; Joppa et al. 2008; Radeloff

et al. 2010; Hamilton et al. 2013). Land use adjacent to

protected areas can have direct impacts on biodiversity via

habitat loss, increased fragmentation and isolation, reduced

dispersion capability, and increased invasions by non-

natives. Non-local land uses can have broad reaching indi-

rect impacts as well. Air pollution from large metropolitan

areas impacts ecosystems throughout California (Fenn et al.

2003) while logging activity impacts slope stability and

elevated sediment loads in streams resulting in habitat

degradation (Neary and Hornbeck 1994) and altered bio-

geochemical cycling (Nave et al. 2010). Agriculture activi-

ties in California’s Central Valley have been implicated in

elevated nitrogen pollution levels in Sequoia National Park

(Bytnerowicz et al. 2002) and throughout the western Sierra

Nevada (Takemoto et al. 2001), and have driven widespread

increases in nonpoint source pollution of surface and

groundwater statewide (Charbonneau and Kondolf 1993).

Non-local pesticide use in summer has been shown to

transport in air masses to lower elevations along the western

Sierra escarpment as well (LeNoir et al. 2009). Human land-

use in the coming decades will likely continue to directly

and indirectly disrupt ecological processes.

A significant limitation in our current understanding is

how land use and increasing land use intensity outside of

protected areas and near protected area boundaries can

decrease the overall effectiveness of protected areas as a

tool for biodiversity conservation (Hansen et al. 2014).

Examining landscapes threatened by current and future

land-use activities have been suggested as a method to

assign vulnerability indicators to regions already desig-

nated as protected (Theobald 2003). In the United States,

the National GAP Analysis Program (GAP) categorized all

lands in the United States by management status to delin-

eate protected areas, areas subject to limited or unlimited

land use, and those privately held (US Geological Survey

GAP 2012). A much needed addition to protection status

categories is a landscape vulnerability category targeting

land use change threat, as lands with the highest levels of

protection (i.e. wilderness areas in the US) are still subject

to internal and external threats (Wade et al. 2011; Cole and

Landres 1996). Such an approach would incorporate bio-

diversity threat into biological assessments (Theobald

2003). Vulnerability indicators such as future population

growth and presence of roads have already been used to

rate the potential vulnerability of plant communities and to

set conservation priorities (White et al. 1997; Stoms 2000;

Menon et al. 2001; Radeloff et al. 2010). However,

selection of appropriate vulnerability indicators is region-

ally dependent on the land use threat (e.g. development,

agriculture, logging) and constrained by spatial data limi-

tations (Stoms 2000). Land-use conversion potential is also

a key factor in the site selection process for new protected

lands (Newburn et al. 2005), helping to identify protected

land vulnerability (Margules and Pressey 2000) and guide

management strategies (Defries et al. 2007). In areas with a

high likelihood of land use conversion there is a positive

correlation with cost of land protection (Newburn et al.

2005). Development of landscape vulnerability indicators

driven by scenarios of land use conversion potential is

needed in order to effectively manage protected areas

under future land use change.

Recent advancements in spatial data availability and land

use projection modeling have improved our ability to exam-

ine future scenarios of land use change. Spatially explicit

LULC scenarios have been used to analyze the impacts of

land conversion on biodiversity (Luoto et al. 2007), hydrol-

ogy (Strayer et al. 2003), carbon fluxes (Zhao et al. 2013), and

climate change (Pielke et al. 2002). Scenario modeling has

also identified land use as the leading driver of change in

global biodiversity by the year 2100 (Sala et al. 2000), with

greatest biodiversity change projected in the Mediterranean

biome, of which California is a part (Klausmeyer and Shaw

2009). Given the broad range of future uncertainties, LULC

projections are a useful tool allowing land managers to

visualize alternative landscape futures, improve planning, and

optimize management practices (Heistermann et al. 2006).

National and regional LULC projections have recently been

published for the United States (Wear 2011; Zhu 2011;

Radeloff et al. 2012; Sleeter et al. 2012b; Sohl et al. 2012a;

Wilson et al. 2012; Sohl et al. 2014).

Here we present spatially explicit LULC projections,

based on four Intergovernmental Panel on Climate Change

(IPCC) emission scenarios for California’s twelve ecore-

gions, and examine land use conversion threats (i.e. from

development, agriculture, and logging) in proximity to

existing protected areas. Our goal was to identify ecore-

gions with protected areas at greatest risk from proximal

land use conversion to help guide future conservation

planning efforts. Rapid, landscape level analysis of multi-

ple land use threats to biodiversity in areas surrounding

conservation lands are needed if effective, long-term

management strategies are to succeed (Wilson et al. 2005,

McDonald et al. 2007).
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Fig. 1 Ecoregions and protected areas in California. Inset map of the western United States shows the geographic extent of California’s

ecoregions
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Materials and methods

Study area

California is one of the most diverse states in the nation in

terms of economics, demographics, natural resource capacity,

land use, and biophysical variability. It was home to an

estimated 38 million in 2012 (US Census Bureau 2013) and is

projected to grow to 52.7 million by 2060 (State of California

2013). A majority of the state lies within the California Flo-

ristic Province, a designated biodiversity hotspot with a high

concentration of endemic species (Myers 1990). Twelve

unique US Environmental Protection Agency (EPA) Level III

ecoregions (US EPA 1999) fall within state boundaries,

spanning approximately 408,230 km2 (Fig. 1). The EPA

Level III ecoregions represent semi-continuous regions with

similar patterns of biotic, abiotic, aquatic, and human land-use

characteristics and have proven to be a useful framework for

collecting and synthesizing information about LULC change

(Omernik 1987; Gallant et al. 2004) and species diversity

(Rittenhouse et al. 2012). California’s current LULC com-

position is an estimated 49 % grassland/shrubland, 27 %

forest, 12 % agriculture, 4 % developed, and 8 % other

LULC (i.e. water, barren, mining, wetlands, ice/snow), while

0.6 % is logged at any given time.

Future projections of land use and land cover change

We utilized existing, spatially explicit LULC change

projection scenarios developed for Level III ecoregions of

the conterminous US (Sohl et al. 2014; data available

online http://landcover-modeling.cr.usgs.gov) following

future socio-economic scenarios (A1B, A2, B1, B2)

documented in the IPCC’s Special Report on Emissions

Scenarios (SRES) (Nakicenovic and Swart 2000). SRES

scenarios are grounded in socioeconomics and have been

widely used by the global change community to under-

stand future environmental conditions resulting from cli-

mate change (Arnell et al. 2004; Gaffin et al. 2004;

Verburg et al. 2006, Rounsevell et al. 2006; van Vuuren

et al. 2007). The SRES scenarios describe future devel-

opments in major driving forces of greenhouse-gas

emissions, including population, economics, technological

innovation, and energy use, representing a wide range of

LULC futures (Fig. 2).

The SRES scenarios were downscaled from half-by-half

degree grid cells to 250-m cells using an accounting model

in combination with an Integrated Assessment Model

(IMAGE Team 2001), Landsat-based land use histories

(Sleeter et al. 2010, 2013), and expert knowledge. Changes

in LULC ‘‘demand’’ were projected at 5-year intervals out

to 2100 for 16 LULC classes, including 11 natural land

cover classes (water, barren, grassland, shrubland, decid-

uous forest, evergreen forest, mixed forest, herbaceous

wetland, woody wetland, ice/snow) and five land use

classes (developed, mining, logging, cropland, hay/pas-

ture). For a complete description of downscaling methods,

see Sleeter et al. (2012a).

Spatially explicit modeling of scenarios

We utilized annual projections of LULC at 250-m resolution

for the years 2006–2100 for each IPCC SRES scenario

modeled using the FOREcasting SCEnarios of Land-use

Change (FORE-SCE) model (Sohl et al. 2007, 2012a, b,

2014). The FORE-SCE model uses a patch-based modeling

approach, placing individual patches on the landscape until

annualized scenario ‘‘demand’’ from the accounting model

was met. Patch characteristics were determined by historic,

ecoregion-based LULC change estimated by the US Geo-

logical Survey’s Land Cover Trends analysis (Sleeter et al.

2013). Spatial placement of new LULC patches was dictated

by probability surfaces generated from logistic regression

analysis of each LULC class against 21 different biophysi-

cal, climatic, geographic, and cultural variables

(a = 0.05\[ 0.001; Table 1). The model also tracked

annual forest stand age. Initial stand age was generated from

LANDFIRE Vegetation Change Tracker (VCT) (Huang

et al. 2010) and Forest Inventory and Analysis (FIA) data

(US Forest Service 2011). Stand age was reset to ‘‘0’’

whenever a forested pixel was harvested. Minimum forest

harvest age was set at 45 years. Forest pixels aged contin-

uously until a harvest occurred. FORE-SCE did not model

natural mortality or natural disturbances. Scenario-based

Fig. 2 Characteristics of the major driving forces behind the

Intergovernmental Panel on Climate Change’s Special Report on

Emission Scenarios four scenario families (from Sleeter et al. 2012a)
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‘‘demand,’’ development of probability surfaces, designation

of forest cutting cycles, and parameterization of all other

model components were done independently for each Level

III ecoregion. Complete details on scenario development and

methodology are described in Sleeter et al. (2012a) and Sohl

et al. (2007, 2012b). Validation of results is discussed in

Sleeter et al. (2012a) and model limitations and uncertainty

are discussed in Sohl et al. (2014).

Protected areas

The LULC modeling approach described above utilized the

Protected Areas Database of the United States (PAD-US)

produced by the USGS National Gap Analysis Program

(GAP) (US Geological Survey 2012). Areas categorized as

GAP Status 1 or 2 (hereafter termed protected areas) as

well as federal military bases were not allowed to undergo

land conversion in any scenario. 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 distur-

bance 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 (US Geological Survey GAP 2012).

Our analysis assumes existing protected areas remain

constant through 2100.

Land conversion potential and conversion threat index

mapping

We utilized the annual, spatially explicit (250 m) LULC

projections for California in our spatial analysis. We col-

lapsed the original 16 LULC classes into the following 9

modified Anderson Level I LULC classes (Anderson et al.

1976): water, barren, grassland/shrubland, forest, wetland,

developed, mining, logging, and agriculture. The decidu-

ous, evergreen, and mixed forest classes were merged into

a single forest class. The grassland and shrubland classes

were also grouped. Since logging demand was assigned by

ownership type in the original dataset, forested pixels

projected to be logged were classified by ownership cate-

gories: private, National Forest, and other public land. The

cropland and hay/pasture classes were combined into a

single agriculture class.

We calculated total projected LULC change at the state

level for each modeled year (2006–2100) and scenario,

accounting for all pixels converting LULC class one or

multiple times. We mapped total forest footprint and

extracted forest stand age values over the model period, for

ecoregions with present day logging (i.e. Oak Woodlands

and Southern California Mountains not included). We

calculated total onshore, in-state protected land area extent

per ecoregion. All GAP 1 and 2 protected areas’ boundaries

were grouped together into continuous areas to facilitate

the buffer ‘‘distance to’’ analyses described below. We then

analyzed scenario-based land-use conversion threats from

logging, agriculture, and development near California’s

existing protected areas. We did not quantify changes in

natural land cover in this portion of our analysis.

Table 1 Independent variables used in the logistic regression ana-

lysis to produce probability of land use and land cover occurrence,

organized by biophysical and cultural categories (modified from

Wilson et al. 2012)

Category Variable

Topographic Elevation (NED)a

Slopea,*

National Compound Topographic Index (CTI)a,*

Geographic Latitude (XCOORD)

Longitude (YCOORD)

Cultural Population Density (POPDEN)b

Housing Density (HOUSEDEN)b

Distance to City (DISTCITY)b,?

Urban Window Count (URBAN)b,??

Distance to Road (DISTROAD)c,?

Distance to Railroad (DISTRAIL)c,?

Biophysical Available Water Content (AWC)d

Soil Organic Carbon (SOC)d

Crop Capability (CROPCAP)d

Hydric Soils (HYDRIC)d

Distance to Water (DSTWATER)c,?

Distance to Stream (DISTSTREAM)c,?

Climate Maximum July Temperature (MAXTEMP)e

Minimum January Temperature (MINTEMP)e

Average Temperature (30 year average, AVETEMP)e

Average Precipitation (30 year average,

AVEPRECIP)e

* Derived from the US Geological Survey’s National Elevation

Dataset, more information available at: http://edna.usgs.gov/Edna/

edna.asp
? Distance to variables calculated in ArcGIS environment in meters

away from feature line or boundary
?? Calculated as average density per concentric 50 pixel radius

values based on US Census population density
a US Geological Survey (2006)
b US Census Bureau (2000)
c US Geological Survey (2012)
d Natural Resources Conservation Service (2011)
e Maurer et al. (2007). Based on the IPCC-SRES A1B scenario
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We examined the variation in both amount of protected

land and in future land use conversion potential (i.e. from

logging, agriculture, and development) by ecoregion. We

created a land conversion potential (CP) map based on

scenario agreement similar to Wilson et al. (2014). Con-

version potential of a cell was calculated as:

CPcP2006�2100 ¼
X

LULCcDPs1...4

y1...yn ð1Þ

where CPcP is the conversion potential (CP) projected (P)

for each cell (c) over the model period 2006–2100 and

LULCcDPs1...4

y1...yn is the projected land use and land cover

(LULC) change in a cell for a given scenario (s1…4) for

each year (y) over the modeled period. Conversion poten-

tial revealed the degree to which the four scenarios were in

agreement on the spatial location of future LULC change.

A value of 4 indicated all four scenarios projected a change

in LULC for that location, while a value of 0 indicated that

none of the scenarios projected a change. Multiple land use

conversions were not accounted for in the metric. We

assumed that a single land use conversion represented a

significant enough departure from starting natural vegeta-

tion state to assume fairly permanent alteration.

We analyzed CP at a range of buffer distances from

protected areas at the state level. We buffered each pro-

tected area with 1, 2, 5, 10, 20, and 40 km ‘‘distance to’’

(DT) buffers and classified the resulting DT buffers as 6, 5,

4, 3, 2, 1, respectively. Similar work used 5, 10, 20, 40, and

50 km buffer distances in an analysis of land use threats

outside of protected areas in the Pacific Northwest (Wilson

et al. 2014). Other research analyzed housing density and

development within 50 km of a protected area (Radeloff

et al. 2010; Beaumont and Duursma 2012) and within 25–

100 km of protected area borders (Leroux and Kerr 2012).

We selected 40 km as our maximum buffer distance as

opposed to 50 km, as a minimal 315 km2 (0.08 %) of state

land area falls more than 40 km away from a protected area

boundary. A conversion threat index (CTI) was then cal-

culated for each cell as:

CTIc¼CPcP2006�2100 � DTPA ð2Þ

where CPcP2006�2100 represents the cell’s conversion

potential over the model period and DTPA represents dis-

tance to protected area boundary (Wilson et al. 2014).

Application of highest DT values nearest protected area

boundaries magnified the weight of the DT buffer in cal-

culating the CTI index. Resulting CTI values were classi-

fied by quantiles and separated by most common

conversion type. Highest CTI values correspond to the

highest conversion potential (i.e. greatest number of sce-

narios agreeing on land use conversion) within closest

proximity to protected areas.

Results

California is home to approximately 96,130 km2 of pro-

tected land (23.5 % of the state) (Table 2). The amount of

protected lands within California’s ecoregions varied con-

siderably. The Mojave Basin and Range ecoregion had the

greatest percent area of protected land (52.2 %), followed

by the Sonoran Basin and Range, Central Basin and Range,

and the Sierra Nevada. The lowest percentage of protected

land area was in the Central California Valley (3.2 %). The

forested Cascades, Coast Range, Eastern Cascades, and

Klamath Mountains had the greatest land use conversion

footprint by percent area across all scenarios. The Central

California Valley and Oak Woodlands had the greatest

projected land use conversion footprint across scenarios for

non-logging related land use change (Table 2).

The economic-oriented scenarios (A1B, A2) projected

the highest amounts of LULC change for California by

2100 (Fig. 3). The greatest increase in both developed

lands and agriculture were projected in the A2 scenario

(45,316 km2 or 14.5 % of the current, unprotected state

land area), driven by large-scale increases of development

into existing agricultural areas and expansion of agriculture

into grassland/shrubland (Fig. 3a, b). Losses of grassland/

shrubland are predominant across scenarios, given demand

for developed lands and additional agriculture. Losses of

grassland/shrubland ranged from 4.0 % of unprotected

state land in B2 to 13.5 % in A2. Forest harvest rates were

highest in A1B with nearly 20,000 km2 more forest logged

than in the lowest harvest B1 scenario (Fig. 3c). In all

scenarios, logging on privately owned forests was greater

than on all publicly held forested lands. The B2 scenario

returned higher rates of logging than A2, yet the lowest

overall amount of LULC change, with only 4.1 % of

California’s unprotected land area projected to undergo

significant land cover conversion (to developed and

agriculture).

California’s forested Coast Range, Cascades, Eastern

Cascades, and Klamath Mountains ecoregions had the

highest projected LULC change this century under all

scenarios. The Cascades ecoregion, California’s smallest

by land area, had the highest proportion of projected LULC

change across scenarios (Table 2), due to pressures from

both logging and development. The Coast Range followed

with 48.3–60.4 % of its land area projected to experience

change in LULC, while only 13.2 % was protected. The

Eastern Cascades was also projected to have high rates of

change and had the smallest proportion of protected lands

compared to other forest-dominated ecoregions. The Sierra

Nevada had the greatest amount of protected lands of any

forest-dominated ecoregion and lowest projected LULC

change. The Oak Woodlands, the state’s largest ecoregion,
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had only 8.3 % of its lands protected while LULC change

was projected to impact between 9.2 and 22.5 % of eco-

region in the B2 and A1B scenarios, respectively. The

Central California Valley was the least protected ecoregion

in the state with an extensive land use mosaic and projected

increases in both agriculture and developed lands. The four

Basin and Range ecoregions had some of the greatest

amounts of protected land area and lowest projected LULC

changes across all scenarios.

Shifts in forest stand age by 2100 occurred in all sce-

narios due to increased harvest demand over the modeled

period (Fig. 4). In 2006 in the A1B scenario, the majority

of forests were comprised of young trees (40 \
[ 120 years) reflecting current and historical timber har-

vesting cycles and subsequent regrowth. By 2100, a shift

occurred in all but the B1 scenario, with peaks in forested

area in both the youngest trees and those between 160 and

200 years of age. This bi-modal age class pattern reflects a

shift to older age stands in protected areas, and in national

forest and other public lands, given scenario-based declines

in harvest demand. By 2100, the greatest amount of for-

ested land fell into the 160–200 year age class (class 5,

Fig. 4) in all but the A1B scenario. The greatest shift to

older stand ages occurred in the B1 scenario where envi-

ronmental protection was highly valued and projected

harvest rates were the lowest. High concentrations of old

growth ([160 years) were projected for the Klamath

Mountains and Sierra Nevada in all scenarios and

throughout California’s protected areas.

The top four ecoregions ranked by conversion potential

(or CP hereafter) were the forested ecoregions in the north

(Table 3). Over 36.1 % of the Coast Range and 35.8 % of

the Cascades will undergo LULC conversion by 2100. The

Sierra Nevada Mountains was the exception, due to the

proportionately greater amount of protected area. The Oak

Woodlands had the greatest amount of high CP lands

(5,458 km2), yet due to its large extent (100,094 km2), this

represented less than 5.5 % of overall ecoregion. Projected

LULC change in the Central California Valley was more

than 5.7 %, driven by projected expansion of developed

lands and shifts in agriculture. Four percent of unprotected

state land had high CP (CP = 4) within 1 km of a pro-

tected area boundary (Table 4). This increased to 5.7 % of

land between 1 and 2 km, 6.7 % of land between 2 and

5 km, and 7.5 % between 5 and 10 km. The CP was

highest 10–20 km away from protected areas, where 8.1 %

of California’s landscape is projected to experience LULC

change at least one time in all four scenarios. Approxi-

mately 7.8 % of land area within 20–40 km of protected

areas had high CP.

The Coast Range had the highest CTI values by percent

land area (20.5 %), followed by the Cascades (13.53 %),

and Klamath Mountains (5.8 %) (Fig. 5a, b). The Oak

Woodlands had the greatest overall land area with high CTI

Table 2 California’s ecoregions by area (km2), amount of protected

land in each GAP Status category, and projected land use conversion

footprint (% area) for the IPCC SRES scenarios from 2006 to 2100,

representing the total areal amount of projected LULC conversions

and not accounting for land projected to convert more than one time

(i.e. forest harvest)

Ecoregion Area

(km2)

GAP 1

(km2)

GAP 2

(km2)

Total protected

(km2)

Total protected

(%)

Change footprint (%)

A1B A2 B1 B2

Cascades 1,482 141 21 163 10.98 68.64 59.41 48.28 62.10

Coast Range 12,988 421 1,299 1,720 13.24 60.37 55.88 38.62 48.33

Eastern Cascades 20,655 257 1,096 1,353 6.55 37.90 32.13 25.31 32.63

Klamath Mountains 32,904 5,104 842 5,946 18.07 36.93 30.09 24.25 32.53

Central California Valley 45,950 0 1,476 1,476 3.21 24.62 26.45 18.23 31.08

Oak Woodlands 100,094 2,439 5,899 8,338 8.33 22.49 25.37 16.89 9.26

Sierra Nevada 51,852 12,800 3,076 15,876 30.62 22.26 17.52 14.42 19.44

Southern California

Mountains

17,911 3,477 869 4,346 24.27 7.62 7.44 5.33 1.79

Sonoran Basin and Range 28,277 2,248 8,965 11,213 39.66 4.58 4.53 4.09 3.84

Mojave Basin and Range 76,557 15,144 24,838 39,982 52.23 4.12 4.05 4.01 2.04

Central Basin and Range 13,141 2,713 2,127 4,840 36.83 3.23 3.38 1.26 1.36

Northern Basin and Range 6,421 27 882 909 14.15 2.85 3.46 2.00 2.08

Total 408,231 44,772 51,391 96,162 23.55 19.75 19.03 14.01 15.08

GAP Status 1 areas are permanently protected from conversion of natural land cover and have a mandated management plan in operation to

maintain a natural state within which disturbance events are allowed to proceed without interference or are mimicked through management.

Areas with GAP Status 2 also 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 (US Geological Survey, GAP 2012)
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(4,250 km2), yet this only represented 4.2 % of the eco-

region. When stratified by most common conversion type,

highest CTI values for developed conversions occurred in

the Oak Woodland and Central California Valley (Fig. 5c).

High CTI values related to agriculture conversions also

occurred in the Oak Woodlands and Central California

Valley (Fig. 5d), while in the Coast Range and Cascades

high CTI was associated with forest harvest (Fig. 5e). All

other conversion types were primarily located in the Cen-

tral California Valley (Fig. 5f).

Conclusions

Resource limitations coupled with accelerated rates of bio-

diversity loss require more advanced and rapid methods to

identify and prioritize threatened sites (Menon et al. 2001)

and future conservation targets (Newburn et al. 2005).

Scenario-based, spatially explicit LULC projections are

emerging as a useful tool for identifying protected areas at

greater risk of proximal land conversion. Combining pro-

tection level status with patterns of land use threat helps

target protected areas at greater risk and enables land man-

agers the ability to refine conservation strategies (Theobald

2003). Our CTI index provides an indicator of conservation

land vulnerability needed for biodiversity planning and

assessment (Stoms 2000) and identifies target areas for

additional protection in California’s vulnerable ecosystems.

According to this analysis, the Coast Range ecoregion will

be most threatened in this century with more than 20 % of

its landscape falling within the high CTI category and only

13 % of its land protected. The Central California Valley is

vulnerable as well, given it had the least amount of protected

land and is already dominated by intensive land use. The

Oak Woodlands also emerged as highly vulnerable with the

largest total land area with high conversion potential and

highest development-related CTI values.

Future changes in land use and land cover, coupled with

a changing climate, will likely challenge the integrity and

stability of protected areas in California this century. Our

ecoregion-based results show the Coast Range, Cascades,

and Klamath Mountains with the highest projected foot-

print of land use change by 2100 in close proximity to

protected area boundaries. However, land use change in

these ecoregions is predominantly related to forestry and

does not represent a full departure from natural conditions.

In all scenarios, forest stand age increases, with the oldest

trees found in protected areas of the Sierra Nevada and

Klamath Mountains. It must again be noted that natural

disturbances were not modeled. For more permanent land

use conversions into agriculture and developed uses, our

CTI results indicate protected areas in the Central Cali-

fornia Valley and Oak Woodlands are most vulnerable.

Under all four IPCC emission LULC scenarios, future

anthropogenic land use demand leads to degradation and

loss of source ecosystem reserves which will likely alter

species-area relationships within existing protected areas,

possibly leading to species decline (Hansen and DeFries

2007). The grassland/shrubland class is projected to expe-

rience the greatest decline in total extent due to intensive

land use (i.e. from agriculture and development). The

amount of protected land designated in California’s

grassland/shrubland-dominated ecoregions is also rela-

tively low. Additional protection of land in these under-

represented communities would appear warranted.
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Fig. 3 Total projected California land area conversions between
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The extent, magnitude, and intensity of human land use

in and around protected areas will dictate best manage-

ment approaches to balance ecological function with

human needs (DeFries et al. 2007). The ability to manage

land use intensity outside of protected areas will be crit-

ical to conserving species richness (Beaumont and Du-

ursma 2012; Butsic et al. 2012; Hansen and DeFries 2007)

and may prove critical to meet long-term conservation

objectives (Leroux and Kerr 2012). The two goals of

systematic conservation planning are representativeness

and persistence (Margules and Pressey 2000). Represen-

tativeness refers to the need of biodiversity reserves, or

protected areas, to best represent biodiversity at all levels

of organization (Margules and Pressey 2000). Persistence

refers to the ability of protected areas to promote the long-

term survival of species by maintaining natural processes,

viable populations, and excluding threats (Margules and

Pressey 2000). According to our CTI results, protected

areas in the Central California Valley, Eastern Cascades,

and Oak Woodlands have a low likelihood of meeting

persistence goals. In these ecoregions, biodiversity pro-

tection is limited and current and projected land use are

high. These ecoregions were also assigned high

biodiversity vulnerability by Klausmeyer et al. (2011).

Protected areas least likely to meet persistence goals

include protected areas in the Los Angeles Basin of the

Oak Woodlands, in the mostly privately-held Coast Range

forests, and in the Eastern Cascades where protected areas

are few, yet scenario projections show the third highest

land use conversion footprint by century’s end.

While future land use scenarios are not absolute out-

comes, they do represent plausible future conditions based

on scenario assumptions, guided by expert opinion,

quantified by land-use histories, and spatially constrained

via probability surfaces (Sleeter et al. 2012a, 2013; Sohl

et al. 2014). The strength of spatially explicit land use

allocation models is their ability to determine the suit-

ability of the land to support a given LULC type, based on

Table 3 Projected land use

conversion potential (CP) across

four scenarios in California’s

ecoregions expressed in square

kilometers (km2) and percent

(%) total area

Ecoregion No change (km2) Conversion potential (CP) Land area

changing

in all scenarios (%)1 (km2) 2 (km2) 3 (km2) 4 (km2)

Coast Range 4,673 1,038 1,224 1,370 4,688 36.08

Cascades 388 65 154 343 530 35.80

Eastern Cascades 10,659 2,074 2,227 2,861 2,837 13.73

Klamath Mountains 15,120 4,870 5,540 4,652 2,714 8.25

Central California Valley 22,247 10,582 6,392 4,098 2,628 5.72

Oak Woodlands 69,821 7,490 7,152 10,168 5,458 5.45

Sierra Nevada 31,409 8,914 6,873 3,096 1,564 3.02

Southern CA Mountains 16,140 550 508 464 254 1.42

Mojave Basin and Range 71,714 1,730 977 1,336 797 1.04

Sonoran Basin and Range 25,554 1,422 686 420 192 0.68

Northern Basin and Range 5,962 314 97 26 23 0.36

Central Basin and Range 12,331 517 203 65 25 0.19

Table 4 Projected land use

conversion potential (CP) across

four scenarios in California by

distance to (DT) buffer zones in

square kilometers (km2) and

percent (%) total area

Distance to (DT) buffer (km) Conversion potential

1 2 3 4

km2 % km2 % km2 % km2 %

1 3,033 9.47 2,480 7.74 1,941 6.06 1,298 4.05

2 3,151 11.20 2,672 9.50 2,172 7.72 1,610 5.72

5 9,001 11.86 7,634 10.06 6,606 8.70 5,055 6.66

10 11,479 13.23 9,291 10.71 8,732 10.06 6,513 7.51

20 9,686 13.75 7,672 10.89 7,355 10.44 5,713 8.11

40 2,951 16.03 2,061 11.19 1,962 10.66 1,445 7.85

cFig. 5 Conversion threat index (CTI) for a California for 2006–2100,

with high CTI values corresponding to areas with the highest

projected conversion potential (most scenario agreement) within

closest proximity to a protected area boundary and b percent of

ecoregion area by CTI value; CTI values by most common conversion

type between 2006 and 2100 for c developed conversions, d agricul-

ture conversions, e logging conversions, and f all other conversions
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biophysical parameters (Moreira et al. 2009). The weak-

ness of this modeling approach is the inability to track all

sources of uncertainty in the modeling framework. Multi-

decadal land use predictions are fraught with uncertainty,

as future socioeconomic conditions and technological

change are impossible to predict (Radeloff et al. 2012).

Our coarse-scale analysis does not attempt to disentangle

the implications of future land use on individual species,

populations, or species-area effects or the varying impacts

by land use type. However, our conversion threat index

should be useful for a variety of finer scale species and

population specific analyses, where more detailed data on

species-specific disturbance response exists. The CTI

index can be easily incorporated into more localized

analyses at the individual protected area unit or commu-

nity level as well as broader scale habitat and corridor

analyses, such as California’s Essential Habitat Connec-

tivity Project data (Spencer et al. 2010). However, given

the LULC modeling results did not report on model

uncertainty, additional analysis using existing data, did not

seem appropriate at this time. Future efforts to model land

use which incorporate estimates of model uncertainty will

be better suited for more detailed CTI spatial analysis and

location specific recommendations. Despite these limita-

tions, spatially explicit, scenario-based LULC data can be

useful to land managers in visualizing alternative land-

scape futures. When multiple scenarios are combined,

reflecting spatial agreement, areas with a higher proba-

bility of LULC conversion are highlighted and proximity

measures to protected area boundaries can be calculated,

revealing protected areas most vulnerable to regional

LULC change.
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