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Abstract We present the first comprehensive
multi-temporal analysis of land-cover change for
California across its major ecological regions and
primary land-cover types. Recently completed
satellite-based estimates of land-cover and land-
use change information for large portions of
the United States allow for consistent measure-
ment and comparison across heterogeneous land-
scapes. Landsat data were employed within a
pure-panel stratified one-stage cluster sample to
estimate and characterize land-cover change for
1973–2000. Results indicate anthropogenic and
natural disturbances, such as forest cutting and
fire, were the dominant changes, followed by large
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fluctuations between agriculture and rangelands.
Contrary to common perception, agriculture re-
mained relatively stable over the 27-year period
with an estimated loss of 1.0% of agricultural land.
The largest net declines occurred in the grass-
lands/shrubs class at 5,131 km2 and forest class at
4,722 km2. Developed lands increased by 37.6%,
composing an estimated 4.2% of the state’s land
cover by 2000.

Keywords Land cover · Land use · California ·
Change · Trends

Introduction

Land-surface change is a first-order driver of cli-
mate change (Feddema et al. 2005) and biogeo-
chemical cycling (Houghton et al. 1999; Casperson
et al. 2000), affecting the ability of ecosystems to
provide goods and services (Foley et al. 2005).
Both the National Research Council and the US
Climate Change Science Plan identify land-use
dynamics as a core research area (NRC 2001;
CCSP 2003). However, there is a lack of spatially
and temporally consistent quantitative informa-
tion describing the rates and types of land-use and
land-cover (LULC) change at regional scales. This
information is needed by various disciplines. For
example, it has been recommended that the next
generation of general circulation climate models
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include human-driven biogeographical dynamics
of land-cover and land-use change through char-
acterization of urbanization, agricultural land con-
version and grazing, deforestation, and episodic
disturbance (Running 2008).

Impacts of landscape change on ecological
processes ignore administrative boundaries, yet
the management of landscapes often occurs
within the constructs of boundaries not based in
any meaningful ecological framework (i.e., states
and counties). Although political units relate to
geospatial patterns of policies that affect land
management, the units are not derived from spa-
tial patterns of environmental processes and do
not represent the distribution and characteristics
of land-cover change (Sohl et al. 2007). Therefore,
political units provide weak strata for studying
land-cover dynamics (Gallant et al. 2004). The
shift away from single species management to
ecosystem-based approaches requires assessments
and natural resources inventories conducted using
appropriate geographic frameworks. The US En-
vironmental Protection Agency originally began
developing a framework that would allow state
and regional water resource managers to struc-
ture their regulatory programs more effectively by
accounting for the regional differences in poten-
tials and capacities of the environment (Omernik
1987, 2004; Gallant et al. 1989). Loveland and
Merchant (2004) describe ecoregions as useful
tools for environmental management because (1)
they serve as a holistic framework, integrating
the significant environmental characteristics of
the landscape into regions with similar properties
and potentials; (2) they are flexible, allowing a
wide range of applications ranging from inventory
to assessment, monitoring, and management; (3)
they serve as a useful tool for comparing places
and understanding how different environmental
conditions relate to specific social and environ-
mental responses; and (4) ecoregions are scalable
and can be used to scale environmental phenom-
ena, depicting ecosystem patterns at scales useful
for environmental management.

Previous land-cover and land-use studies have
demonstrated the usefulness of the framework de-
veloped by Omernik (1987). For example, Griffith
et al. (2003) found a strong degree of ecoregion-

Table 1 Temporal center points and Landsat data sources
used in the analysis of California rates of change

Sample Database Landsat database characteristics
date source (sensor, resolution, and projection)

1973 NALC MSS, 60 m, UTM
1980 New MSS, 60 m, UTM

acquisition
1986 NALC MSS, 60 m, UTM
1992 NALC MSS, 60 m, UTM

MRLC TM, 30 m, Albers
2000 MRLC ETM+, 30 m, Albers

MSS multispectral scanner, TM thematic mapper sensor,
ETM+ enhanced thematic mapper + sensor, NALC North
American Landscape Characterization, MRLC Multireso-
lution Landscape Characterization, UTM Universal Trans-
verse Mercator

alization in changes to land-cover pattern and
composition in the Eastern United States, while
Brown et al. (2005) demonstrate the utility of
ecoregions as a framework from which to describe
the spatial variability of developed and agricul-
tural land use across the conterminous United
States. Brown et al. (2005) conclude that while
some ecoregions in the southeastern United States
have changed at similar rates, there are significant
differences in the types of transformations taking
place.

The US Geological Survey’s Land Cover
Trends research project (Loveland et al. 2002),
a national project aimed at capturing LULC
across the United States between 1973 and 2000,
utilizes Omernik (1987) ecoregions as its pri-
mary stratification unit (Loveland et al. 2002).
Ecoregions, which are defined as homogenous
ecological regions, inherently have more cohe-
sive (or holistic) stories of landscape change due
to the high level of ecological similarities rela-
tive to management units (Omernik 1987). While

�Fig. 1 Ecoregions and 10-km sample blocks of California.
Inset is the map of the western United States that shows
the overall spatial extent of all the ecoregions overlapping
with California. Ecoregion descriptions are given only for
ecoregions reported in the text. The Cascades, the North-
ern Basin and Range, and the Central Basin and Range
ecoregions are not included due to the insufficient number
of sample blocks (n ≤ 2)
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ecoregion-based analysis is the primary product of
this research, flexibility in our approach enables
us to report results using other spatial units of
analysis. Here, we present results from the US
Geological Survey’s Land Cover Trends research
project where we have estimated regional LULC
change for the ecoregions within the State of
California for the period 1973–2000.

Methods

Advancements in the field of remote sensing have
enabled scientists to map at increasing spatial ac-
curacy and precision, yet regionally consistent as-
sessments, spanning multiple years and landscape
types, have been slow to emerge. Moreover, full-

coverage mapping of rare categories (i.e., areas of
change) often requires a very high classification
accuracy to produce statistically meaningful mea-
surements of gross change (Stehman 2005). Sam-
pling allows for a more intensive effort over a
smaller area compared to full-area mapping, in
turn reducing data collection, processing costs,
and measurement error (Stehman et al. 2003).
In both spatial and temporal dimensions, we em-
ployed a sampling approach to characterize land-
cover change.

Sampling design

In the temporal domain, we used a pure-panel
design where the same units are observed at every
point in time (Stehman et al. 2003; Fuller 1999).

MSS MSS MSS TM ETM+

1973 1980 1986 1992 2000
Water

Developed

Mechanical
disturbance
Mining

Barren

Forest

Grass/shrubs

Agriculture Wetlands

Nonmechanical
disturbance

Snow/Ice

LULC Change

1973-1980 1980-1986 1986-1992 1992-2000

Fig. 2 Example of a manual interpretation of land-use and
land-cover change for a sample block. Satellite images from
left to right include the 1972 MSS, the 1980 MSS, the 1986
MSS, the 1992 TM, and the 2000 ETM+, accompanied by
the interpreted land-cover maps below each image. The

land-cover classification scheme legend depicts 10 of the
11 land-cover classes (snow/ice class not included). The
grayscale images in the bottom row depict land-use and
land-cover change between the time intervals, with areas
in green denoting areas changed
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Fig. 3 Comparison of interpreted land-use and land-cover among California’s ecoregions with the land-cover classification
scheme legend depicting the 11 land-cover classes. Inset map shows the greater spatial extent of California’s ecoregions
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Table 2 Descriptions of
land-cover classes

Land-cover class Class description

Water Areas persistently covered with water, such as streams,
canals, lakes, reservoirs, bays, or oceans

Developed Areas of intensive use with much of the land covered
with structures or anthropogenic impervious surfaces
(e.g., high-density residential, commercial, industrial,
and roads) or less-intensive uses where the

land-cover matrix includes both vegetation and
structures (e.g., low-density residential, recreational
facilities, cemeteries, parking lots, and utility corridors),
including any land functionally related to urban or
built-up environments (e.g., parks and golf courses)

Mining Areas with extractive mining activities that have a
significant surface expression. This includes
(to the extent that these features can be detected)
mining buildings, quarry pits, overburden, leach,
evaporative, tailings, or other related components

Barren Land comprised of soils, sand, or rocks where less than
10% of the area is vegetated. Barren lands are usually
naturally occurring

Forest Tree-covered land where the tree cover density is
greater than 10%. Note that cleared forest land
(i.e., clear-cuts) is mapped according to current cover
(e.g., mechanically disturbed or grassland/shrubland)

Grassland/shrubland Land predominately covered with grasses, forbs,
or shrubs. The vegetated cover must comprise at least
10% of the area

Agriculture Land in either a vegetated or an unvegetated state used
for the production of food and fiber. This includes
cultivated and uncultivated croplands, hay lands,
pasture, orchards, vineyards, and confined livestock
operations. Note that forest plantations are considered
forests regardless of the use of the wood products

Wetland Land where water saturation is the determining factor
in soil characteristics, vegetation types, and animal
communities. Wetlands usually contain both water
and vegetated cover

Snow/ice Land where the accumulation of snow and ice does not
completely melt during the summer period
(e.g., alpine glaciers and snowfields)

Mechanical disturbance Land in an altered and often unvegetated state that,
due to disturbances by mechanical means, is in
transition from one cover type to another.
Mechanical disturbances include forest clear-cutting,
earthmoving, scraping, chaining, reservoir drawdown,
and other similar human-induced changes

Non-mechanical disturbance Land in an altered and often unvegetated state that,
due to disturbances by non-mechanical means, is in
transition from one cover type to another.
Non-mechanical disturbances are caused by fire, wind,
floods, animals, and other similar phenomena
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Dates of temporal sample points were centered on
1973, 1980, 1986, 1992, and 2000. Time intervals
were selected to be roughly equal in length (6–
8 years) to take advantage of existing national
databases containing high-quality Landsat satel-
lite imagery (Table 1). Because image interpreters
inspected images at the pixel level, it was impor-
tant to select data with high geometric and ra-
diometric calibration. By utilizing existing (public
domain) data, we were able to keep data acquisi-
tion costs to a minimum, requiring the purchase
of only a single image date, an important aspect
considering the national scope of this research.

Spatial sampling was a stratified, one-stage
cluster sample (Stehman et al. 2003). A fixed
grid of 10-km blocks was overlaid on the conter-
minous United States, with each block assigned
to one of 84 unique ecoregions based on the
blocks’ center point location. The clusters chosen
were a random sample of 10- by 10-km primary
sampling units (hereafter referred to as “10-km
blocks”) stratified by Environmental Protection
Agency Level III ecoregions of the conterminous
United States (Omernik 1987; Fig. 1). Within each
10-km block were the 60 × 60-m pixels or sec-
ondary sampling units. In this type of sampling
design, all secondary sampling units contained
within a primary sampling unit are included in
the sample. Between 30 and 48 sample blocks
were randomly selected for each ecoregion, and
land-cover changes were mapped using manual
interpretation of LULC change for four tempo-
ral intervals: 1973 to 1980, 1980 to 1986, 1986 to
1992, and 1992 to 2000 (Fig. 2). Manual interpre-
tation of imagery was chosen because it has been
shown to have the highest level of accuracy com-
pared to automated techniques (Sohl et al. 2007).
Figure 3 shows a comparison of a sub-sample of
10-km blocks used in this analysis for each of the
primary ecoregions in California. Visual compar-
ison across ecoregions reveals strong association
between ecoregions and land-cover composition
and pattern.

Classification scheme

Landsat data were used to manually classify fea-
tures larger than 60 × 60 m into one of 11 general
land-cover classes based on a modified Anderson

et al. (1976) classification scheme. Two distur-
bance categories were added to capture natural
(e.g., fire) and anthropogenic events (e.g., for-
est cutting). The land-cover classes used for this
research are defined in Table 2. Upon comple-
tion of land-cover change mapping, estimates of
change and associated uncertainty were derived
using post-classification comparison of land-cover
products for each date.

While analysis is conducted employing an
ecoregion framework, flexibility in statistical de-
sign allows for subsequent reporting within man-
agement units such as states (Stehman et al. 2003).
Our sample data consist of 232 sample blocks
selected from a population of 4,098 blocks distrib-
uted across 12 ecoregions falling at least partially
within California (Fig. 2). Changing the estimation
domain from ecoregions to the state of California
resulted in three ecoregions with two or less sam-
ple blocks (i.e., Northern Basin and Range, Cen-
tral Basin and Range, and Cascades ecoregions).
Due to limited sampling in these ecoregions, these
areas are not discussed further, but rather we
focus on the results for the nine remaining ecore-
gions. In total, approximately 5.6% of state lands
were mapped.

Results

We present three categories of state and regional-
scale landscape change. Estimates are presented
as aggregated totals for California while high-
lighting notable regional variations. Overall spa-
tial change at the state level for 1973–2000 is
the broadest measurement of change, with similar
estimates provided by temporal interval at the
ecoregion level. Estimates of landscape composi-
tion and common land-cover conversions follow.

Overall spatial change

Overall spatial change in California, that is, the
area that changed at least one time between 1973
and 2000, was 7.2% (29,699 km2; Table 3) with
2.1% (8,653 km2) of the state experiencing change
in more than one time period. Multiple changes
in individual pixels were generally associated with
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Table 3 Overall spatial
change (i.e., the percent
of area that changed at
least one time between
1973 and 2000) for
California and the
individual ecoregions
with the standard error

Margin of error and lower
and upper bounds are
calculated for an 85%
confidence interval

Ecoregion name Change estimate Standard Margin Lower Upper
(no.) (% of ecoregion) error of error bound bound

(%) (±%) (%) (%)

California 7.2 0.7 1.0 6.2 8.2
Coast Range (1) 20.0 4.6 7.4 12.6 27.4
Sierra Nevada 5.2 1.8 2.7 2.5 7.9

Mountains (5)
Chaparral and Oak 9.7 2.0 2.9 6.7 12.6

Woodlands (6)
Central California 12.4 2.0 3.0 9.4 15.3

Valley (7)
Southern CA 5.0 1.6 2.3 2.6 7.3

Mountains. (8)
East Cascades (9) 4.6 1.6 2.4 2.2 7.0
Mojave Basin and 2.9 1.4 2.0 0.9 5.0

Range (14)
Klamath 11.5 2.0 3.0 8.4 14.5

Mountains (78)
Sonoran Basin and 0.2 0.1 0.2 0.0 0.5

Range (81)

disturbance events and subsequent vegetation re-
growth (e.g., fire and logging). At the state level,
we found that change increased steadily in each
of the four time intervals from an average of

1,272 km2 per year between 1973 and 1980 to
1,647 km2 per year between 1992 and 2000 (Fig. 4).
Standard error ranged from 13% to 16% of the
estimated change.

Fig. 4 Overall spatial
change in California and
per ecoregion expressed
as percent of area
changed (y-axis) per time
interval (x-axis) with
associated standard error
bars. Values for the
Sonoran Basin and Range
were negligible and
therefore omitted here
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Overall, state-level change was modest,1 ex-
hibiting a marginal increase over time; however,
these gross measurements mask regional and tem-
poral variability. Estimates of overall gross spatial
change and measurements by temporal interval,
for both state and ecoregions, can be found in
Table 3 and Fig. 4, respectively. Forest-dominated
ecoregions of California exhibited the highest spa-
tial variability. For example, the Coast Range
experienced the highest amount of change at
20% (3,106 km2), while gross change in the adja-
cent Klamath Mountains was 11.5% (3,729 km2).
The remaining forested ecoregions of California,
the East Cascades (4.6%; 965 km2), the Sierra
Nevada Mountains (5.2%; 709 km2), and the
Southern California Mountains (5.0%; 894 km2),
experienced relatively modest amounts of change.
The second highest changing ecoregion was the
Central California Valley at 12.4% (5,702 km2),
while California’s largest ecoregion, the Chaparral
and Oak Woodlands, had 9.7% (9,905 km2) of
its land area change at least one time between
1973 and 2000. The California desert ecoregions
experienced low amounts of change with the
highest being the Mojave Basin and Range at
2.9% (2,248 km2).

Temporal variability was equally dynamic. For
example, the Central California Valley experi-
enced its highest amount of change between 1973
and 1980 before leveling off for the final three in-
tervals. Conversely, the Coast Range experienced
its least amount of change during the first time
interval and its highest between 1986 and 1992
when forest cutting in northern California reached
its peak. The Klamath Mountains followed a sim-
ilar temporal trend at a fraction of the rate com-
pared to the Coast Range. In the Sierra Nevada
Mountains, change was highest between 1992 and
2000 owing largely to a substantial increase in
wildfire.

Land-cover composition change (1973–2000)

Four land-cover classes, grassland/shrubland, for-
est, agriculture, and developed, account for ap-

1See the USGS Land Cover Trends Project website;
http://landcovertrends.usgs.gov/main/resultsOverview.html

proximately 92% of the state’s land area. Dis-
turbed lands range from 0.5% to nearly 2.0%
of the landscape, while water, wetland, snow/ice,
barren, and mining areas accounted for the re-
mainder. Grasslands/shrublands, frequently used
for livestock grazing, constituted approximately
half of the state. These areas dominate the
arid basin and range provinces, the East Cas-
cades, the Southern California Mountains, the
Chaparral and Oak Woodlands, and the periphery
of the Central California Valley. Overall, grass-
land/shrublands experienced the greatest net loss
over the study period, decreasing from an esti-
mated 51.5% (213,334 km2) in 1973 to 50.3%
(208,203 km2) in 2000, a decline of 5,131 km2. The
land-cover composition for the five dates used in
our analysis is presented in Table 4.

We measured considerable geographic
variability in changes to grasslands/shrublands.
Grazing lands within the Chaparral and Oak
Woodlands and along the periphery with
the Central California Valley experienced
substantial change as a result of conversion
to vineyards and orchards, with other large
tracts converted to developed uses, commonly
in the form of suburban housing. Declines in
grassland/shrubland were consistent over time,
with incremental losses measured during each
interval. The Chaparral and Oak Woodlands lost
an estimated 2,757 km2 of grasslands/shrublands,
declining from 58.0% in 1973 to 55.3% in 2000.
The Mojave Basin and Range lost an estimated
1,798 km2, declining from 89.4% of the ecoregion
in 1973 to 87.1% in 2000. Collectively, California
lost 2.1% of its grasslands/shrublands (Table 5),
with the Chaparral and Oak Woodlands and the
Mojave Basin and Range ecoregions accounting
for 89% of the decline.

Forest cover composed approximately one
quarter (114,890 km2) of the state’s land area in
1973. We estimate a net loss of approximately
4.1% (4,722 km2) of California’s forested lands
(Table 5), with the sharpest decline occurring be-
tween 1992 and 2000. Changes in forest land cover
were concentrated in the Coast Range and, to a
lesser extent, in the Klamath Mountains, the East
Cascades, the Slopes and Foothills, and the Sierra
Nevada Mountains ecoregions. Forest cover in
the Coast Range declined by an estimated 7.0%

http://landcovertrends.usgs.gov/main/resultsOverview.html
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Table 4 Land-cover composition of California and its ecoregions as expressed in percentage of land area per geographic
designation

Year Dev, Forest, G/S, Agric, M Dist, NM Dist, Year Dev, Forest, G/S, Agric, M Dist, NM Dist,
% % % % % % % % % % % %

California Southern California Mountains (8)
1973 3.1 27.7 51.5 11.4 0.3 0.2 1973 1.8 27.4 66.6 1.6 0.1 0.9
1980 3.3 27.5 51.3 11.4 0.2 0.4 1980 2.1 27.7 66.7 1.5 0.0 0.3
1986 3.6 27.5 51.1 11.4 0.4 0.2 1986 2.3 27.0 65.9 1.5 0.0 1.5
1992 4.0 27.2 50.9 11.2 0.7 0.2 1992 2.5 27.0 66.9 1.5 0.1 0.4
2000 4.2 26.6 50.3 11.3 0.5 1.2 2000 2.6 27.5 65.9 1.5 0.1 0.8

Coast Range (1) East Cascades (9)
1973 4.0 76.5 6.6 4.4 1.8 0.0 1973 0.2 39.0 44.9 8.8 0.4 0.6
1980 4.1 76.0 6.5 4.4 2.2 0.0 1980 0.2 38.6 45.7 8.9 0.6 0.0
1986 4.2 74.5 6.8 4.3 3.5 0.0 1986 0.2 38.7 45.6 8.9 0.6 0.0
1992 4.4 69.2 8.4 4.2 6.7 0.2 1992 0.2 38.2 45.4 9.0 1.1 0.3
2000 4.5 71.1 8.7 4.2 4.7 0.0 2000 0.2 37.6 46.1 9.0 1.1 0.0

Sierra Nevada (5) Mojave Basin and Range (14)
1973 0.2 74.6 18.1 0.0 0.4 0.2 1973 2.1 0.5 89.4 0.4 0.2 0.0
1980 0.2 74.3 18.6 0.0 0.1 0.2 1980 2.3 0.5 89.2 0.3 0.2 0.0
1986 0.2 74.2 18.8 0.0 0.3 0.0 1986 2.6 0.5 88.8 0.4 0.3 0.0
1992 0.2 73.6 18.6 0.0 0.8 0.2 1992 3.6 0.5 87.1 0.4 0.8 0.1
2000 0.2 71.0 19.3 0.0 0.4 2.6 2000 3.7 0.5 87.1 0.3 0.7 0.0

Chaparral and Oak Woodlands (6) Klamath Mountains (78)
1973 6.6 21.3 58.0 10.1 0.1 0.3 1973 0.5 78.8 16.4 2.0 1.5 0.1
1980 7.3 20.5 57.0 9.9 0.1 1.6 1980 0.5 78.6 17.6 2.0 0.5 0.1
1986 7.7 21.1 57.2 9.7 0.1 0.6 1986 0.5 79.0 16.9 2.0 0.8 0.0
1992 8.3 21.0 57.2 9.4 0.2 0.3 1992 0.5 78.3 16.6 2.0 1.2 0.6
2000 8.8 19.8 55.3 9.3 0.1 3.1 2000 0.6 78.3 17.3 2.1 0.7 0.5

Central California Valley (7) Sonoran Basin and Range (81)
1973 6.5 0.3 19.2 71.6 0.0 0.0 1973 0.3 0.2 88.0 0.0 0.0 0.0
1980 7.2 0.3 17.7 72.3 0.1 0.0 1980 0.3 0.2 87.9 0.0 0.1 0.0
1986 7.6 0.3 16.7 72.8 0.1 0.0 1986 0.4 0.2 87.9 0.0 0.0 0.0
1992 8.2 0.3 17.3 71.5 0.1 0.0 1992 0.4 0.2 87.9 0.0 0.0 0.0
2000 9.0 0.3 15.4 72.4 0.2 0.0 2000 0.4 0.2 87.9 0.0 0.1 0.0

Dev developed, G/S grass/shrubs, Agric agriculture, M Dist mechanically disturbed, NM Dist non-mechanically disturbed

(834 km2), with net losses measured in the first
three time intervals. The highest amount of forest
loss was measured between 1986 and 1992 with an
estimated 5.2% (814 km2) of the ecoregion mov-
ing out of forest cover. Between 1992 and 2000,
forest re-growth outpaced losses, and the ecore-
gion gained back an estimated 1.9% (293 km2)
of its land area in forest cover. The Klamath
Mountains followed a similar pattern of forest loss
and re-growth, with the highest amount of for-
est loss also taking place between 1986 and 1992
(211 km2). Overall, forest cover in the Klamath
experienced a net decline of 182 km2 over the
27-year period. The largest areal decline in forest
cover occurred in the Sierra Nevada Mountains.

Forests accounted for 74.7% of the ecoregion in
1973 and 71.0% by 2000. Over the 27-year study,
we estimated a net loss of 4.9% (1,897 km2) of
forests in the Sierra Nevada Mountains ecoregion.
It is important to note that forest loss is gener-
ally not a permanent conversion but rather cyclic
in nature. Declines in forest cover were almost
entirely related to natural and anthropogenic dis-
turbances, which typically revert back to forested
cover.

Net changes in agriculture were relatively
small. Between 1973 and 1986, agricultural land
accounted for approximately 11.4% (47,198 km2)
of the state land area. The largest net decline
occurred between 1986 and 1992 (869 km2). While
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Table 5 Changes in land-cover classes in California for the period 1973–2000

Year Dev, Forest, G/S, Agric, M Dist, NM Dist, Year Dev, Forest, G/S, Agric, M Dist, NM Dist,
% % % % % % % % % % % %

California Southern California Mountains (8)
1973–1980 9.2 −1.0 −0.5 0.2 −29.4 151.9 1973–1980 12.7 1.0 0.2 −1.8 −88.3 −71.2
1980–1986 6.6 0.3 −0.4 0.0 57.8 −51.0 1980–1986 9.7 −2.3 −1.2 0.6 117.5 453.6
1986–1992 11.0 −1.3 −0.3 −1.9 98.9 3.5 1986–1992 10.7 0.0 1.5 −3.1 116.4 −75.4
1992–2000 6.4 −2.1 −1.2 0.7 −25.8 457.4 1992–2000 5.7 1.8 −1.6 −0.7 11.6 110.2
1973–2000 37.5 −4.1 −2.4 −1.0 64.3 611.7 1973–2000 44.8 0.4 −1.1 −4.8 −38.8 −17.8

Coast Range (1) East Cascades and Foothills (9)
1973–1980 2.6 −0.6 −0.8 −0.2 24.9 0.0 1973–1980 −22.6 −0.9 1.8 0.7 46.7 −100.0
1980–1986 2.3 76.0 6.5 4.4 2.2 0.0 1980–1986 3.6 0.2 −0.2 −0.2 5.6 0.0
1986–1992 4.1 74.5 6.8 4.3 3.5 0.0 1986–1992 8.0 −1.3 −0.5 1.1 93.9 *
1992–2000 3.5 2.7 2.9 −1.6 −29.5 −100.0 1992–2000 9.7 −1.5 1.5 1.0 −3.1 −100.0
1973–2000 13.1 −7.0 31.6 −5.3 170.0 0.0 1973–2000 −5.0 −3.5 2.7 2.5 191.2 −100.0

Sierra Nevada (5) Mojave Basin and Range (14)
1973–1980 0.0 −0.4 3.0 0.0 −72.6 34.9 1973–1980 12.5 0.0 −0.2 −8.9 −9.0 0.0
1980–1986 0.0 −0.2 0.7 0.0 191.5 −99.6 1980–1986 12.2 −3.5 −0.5 6.1 59.7 0.0
1986–1992 2.5 −0.8 −0.7 0.0 169.1 25922.2 1986–1992 36.8 0.0 −1.9 −2.2 194.2 *
1992–2000 3.6 −3.5 3.5 0.0 −47.8 949.4 1992–2000 3.6 0.0 0.0 −6.4 −6.1 −100.0
1973–2000 6.1 −4.9 6.7 0.0 12.2 1449.6 1973–2000 79.0 −3.4 −2.6 11.5 301.9 *

Chaparral and Oak Woodlands (6) Klamath Mountains (78)
1973–1980 10.0 −3.8 −1.7 −2.1 −56.1 519.7 1 973–1980 3.5 −0.3 7.4 0.0 −64.4 −38.8
1980–1986 5.9 2.9 0.3 −2.1 107.7 −62.3 1980–1986 2.4 0.5 −4.0 0.2 61.4 −96.9
1986–1992 7.7 −0.1 0.1 −3.3 68.4 −47.6 1986–1992 2.3 −0.8 −1.9 0.4 41.6 32654.5
1992–2000 6.2 −5.8 −3.3 −1.1 −46.4 898.4 1992–2000 3.5 −0.1 4.2 0.6 −43.4 −20.6
1973–2000 33.1 −6.9 −4.6 −8.3 −17.6 1122.2 1973–2000 12.2 −0.7 5.4 1.2 −53.9 386.6

Central Valley (7) Sonoran Basin and Range (81)
1973–1980 9.9 −5.7 −8.1 1.0 75.8 0.0 1973–1980 4.1 0.0 −0.1 * 650.0 0.0
1980–1986 5.5 −0.7 −5.6 0.6 −17.5 0.0 1980–1986 35.3 −9.3 0.0 0.0 −70.0 0.0
1986–1992 8.0 −0.7 3.8 −1.7 48.0 0.0 1986–1992 0.5 10.2 0.0 0.0 23.8 0.0
1992–2000 9.8 −2.1 −11.4 1.2 106.3 0.0 1992–2000 1.9 0.0 0.0 0.0 25.6 0.0
1973–2000 37.7 −8.9 −20.2 1.1 342.7 0.0 1973–2000 44.3 0.0 −0.2 * 250.0 *

Percentages reflect the percent change in a given land-cover class. Fields marked with and asterisk indicate change values
away from a start value of zero
Dev developed, G/S grass/shrubs, Agric agriculture, M Dist mechanically disturbed, NM Dist non-mechanically disturbed

net change in agriculture was minimal, the amount
of land impacted by agricultural change was much
higher. Gross change or the amount of land area
that converted to or from agriculture ranged from
0.5% (1,905 km2; 1986–1992) to 0.9% (3,561 km2;
1973–1980; Fig. 5). Overall, we estimated that
California lost 1.0% (473 km2) of its agricul-
tural land over the 27-year period. The Central
California Valley contained approximately 71%
of California’s agricultural lands with another
21% in the Chaparral and Oak Woodlands. We
estimated a net increase of approximately 359 km2

in the Central California Valley and a net loss
of 858 km2 in the Chaparral and Oak Wood-

lands resulting in an overall state-wide net loss of
−473 km2 (Table 5).

Developed land in California increased by ap-
proximately 37.6% (4,761 km2) between 1973 and
2000 (Table 5), growing from 3.1% (12,669 km2)
to 4.2% (17,430 km2) of the state’s total land
area (Table 4). Three ecoregions, the Central
California Valley, the Chaparral and Oak Wood-
lands, and the Mojave Basin and Range, ac-
counted for nearly 97% of the new developed
lands. The Chaparral and Oak Woodlands, which
contains the Los Angeles, San Diego, and San
Francisco metropolitan areas, accounted for ap-
proximately 53% of the state’s developed land
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Fig. 5 Gains and losses
by land-cover type for
California expressed as of
the state (y-axis) per time
interval (x-axis)
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in 1973, increased by 2,236 km2 over the 27-year
period. The Central California Valley and Mojave
Basin and Range gained 1127 km2 and 1271 km2,
respectively. The Mojave Basin and Range had
the largest relative increase in developed land
cover, increasing by 79% over the study period.
The Central California Valley increased by 38%;
and the Chaparral and Oak Woodlands increased
by 33%.

Common land-cover conversions

Providing estimates of change between two
classes enhances thematic detail by quantify-
ing the origin and fate of specific land-cover
types. The most common LULC conversions in
California were indicative of the changes associ-
ated with anthropogenic and natural disturbances
(i.e., forestry and fire), agricultural relocation
and intensification, and to a lesser degree, devel-
opment (Table 6). Conversion of forest to me-
chanical disturbance totaled nearly 4,863 km2and
was the largest land-cover conversion over the
27-year study period. Rates of forest cutting in-
creased between 1973 and 1992 from an average
of 85 km2/year for 1973–1980 to 331 km2/year
for 1986–1992. Between 1992 and 2000, harvest
rates declined to those of the early 1980s due
to competition from new emerging global mar-

kets, major changes in regional environmental
policy, and in response to less favorable economic
conditions in Asia (Daniels 2005). Between 1992
and 2000, fire-driven changes surpassed forestry
as the largest LULC change. During this period,
conversions from forest (2,737 km2) and grass-
lands/shrublands (2,253 km2) to non-mechanical
disturbance totaled nearly 5,000 km2 and were the
top two measured conversions. Most fire-related
change was confined to the Chaparral and Oak
Woodlands (3,120 km2) and the Sierra Nevada
Mountains(1,350 km2). Sixty percent of all fires
mapped occurred between 1992 and 2000.

Common conversions were not entirely at-
tributable to changes associated with anthro-
pogenic and natural disturbances; agricultural
relocation and intensification played a large role
in state-wide LULC change. Conversions between
agriculture and grassland/shrubland were the first
and third most common conversions for 1973–
1980, during which time roughly 30% (2,667 km2)
of all the LULC change in California was as-
sociated with changing agriculture. Conversion
of grassland/shrubland to agriculture far out-
paced losses of agriculture to grass/shrubland in
three of the four intervals (1973–1980, 1980–1986,
and 1992–2000). Between 1986 and 1992, con-
version from agriculture to grasslands/shrublands
exceeded the conversion of grasslands/shrublands



Environ Monit Assess (2011) 173:251–266 263

Table 6 Top ten most common land-cover conversions in California by area for each of the four temporal periods, with
standard errors and average annual rates of change

From class To class Area Standard Average annual
(km2) error (km2) change (km2)

1973–1980
Grassland/shrubland Agriculture 1,772 379 253
Forest Non-mechanically disturbed 960 683 137
Agriculture Grassland/shrubland 895 256 128
Mechanically disturbed Grassland/shrubland 810 191 116
Grassland/shrubland Non-mechanically disturbed 787 548 112
Agriculture Developed 696 306 99
Forest Mechanically disturbed 593 109 85
Non-mechanically disturbed Grassland/shrubland 570 215 81
Grassland/shrubland Developed 385 91 55
Mechanically disturbed Forest 210 74 30

1980–1986
Forest Mechanically disturbed 1,059 241 176
Non-mechanically disturbed Grassland/shrubland 980 584 163
Grassland/shrubland Agriculture 919 197 153
Non-mechanically disturbed Forest 783 631 131
Grassland/shrubland Non-mechanically disturbed 614 377 101
Grassland/shrubland Forest 608 143 101
Agriculture Grassland/shrubland 496 156 83
Grassland/shrubland Developed 448 150 75
Mechanically disturbed Grassland/shrubland 353 68 59
Agriculture Developed 333 130 55

1986–1992
Forest Mechanically disturbed 1,983 352 330
Grassland/shrubland Developed 1,037 601 173
Agriculture Grassland/shrubland 792 321 132
Mechanically disturbed Grassland/shrubland 754 169 126
Non-mechanically disturbed Grassland/shrubland 747 391 125
Grassland/shrubland Forest 632 154 105
Agriculture Developed 515 230 86
Forest Non-mechanically disturbed 499 199 83
Grassland/shrubland Mechanically disturbed 495 294 83
Grassland/shrubland Agriculture 423 101 70

1992–2000
Forest Non-mechanically disturbed 2,737 1,388 342
Grassland/shrubland Non-mechanically disturbed 2,253 844 282
Grassland/shrubland Agriculture 1,274 384 159
Forest Mechanically disturbed 1,228 242 153
Mechanically disturbed Grassland/shrubland 1,110 213 139
Mechanically disturbed Forest 889 237 111
Grassland/shrubland Forest 617 147 77
Non-mechanically disturbed Grassland/shrubland 601 180 75
Agriculture Developed 470 141 59
Agriculture Grassland/shrubland 377 136 47

to agriculture and was likely influenced by a pro-
longed drought experienced throughout the state
(Sleeter 2008).

Changes associated with increased develop-
ment were significant yet small, relative to other
common conversions. New areas of developed
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land were estimated to cover 4,769 km2 and
were most often associated with the conversion
of grasslands/shrublands and agriculture for urban
uses. Grasslands/shrublands (2,225 km2; 47%) and
agriculture (2,014 km2; 42%) were the primary
sources for new developed areas accounting for
89% (4,239 km2) of all conversion. Loss of grass-
lands/shrublands to development were most com-
mon in the Mojave Basin and Range (1,060 km2),
the Chaparral and Oak Woodlands (650 km2), and
the Central California Valley (370 km2), while
conversion from agriculture was most common
in the Central California Valley (684 km2) and
the Chaparral and Oak Woodlands (1,230 km2)
ecoregions.

Discussion

Our findings indicate that disturbance was the
dominant change in California for 1973–2000,
followed by changes resulting from agricul-
tural intensification and urbanization. Changes in
California’s forested landscapes were driven in
part by international timber markets, conser-
vation of habitat for endangered species, and
management of federal forest lands (Daniels
2005). Logging-related disturbance declined be-
tween 1992 and 2000, yet forest loss continued as
a result of increases in human-caused (Syphard
et al. 2007) and lightning-derived fire disturbance
(Sawyer 2006).

Contrary to general opinion, agriculture re-
mained relatively stable (Hart 2003); gains were
realized in three of the four temporal intervals,
yet were offset by substantial declines during the
extended drought that occurred in the late 1980s.
Accounting for much of the gains in agriculture
was the proliferation of high value specialty crops
(e.g., vineyards and almonds) at the expense of the
former rangeland (Sleeter 2008).

Lastly, we estimated the footprint of develop-
ment to have increased by 37% over the 27-year
period, yet changes associated with development
were relatively small compared to forestry, fire,
and agricultural intensification.

The majority of permanent land-cover conver-
sion was associated with the developed, grass-

lands/shrublands, and agriculture classes. While
total agriculture area remained relatively un-
changed over the course of our study (USDA
1999), the low amount of net change masks
fluctuations and shifts in the areal distribution
of agriculture resulting from urbanization, agri-
cultural intensification and relocation, land aban-
donment, and other processes. The primary des-
tination of permanent agricultural losses was to
developed uses. This conversion commonly oc-
curred in the Central California Valley and the
Chaparral and Oak Woodlands ecoregions, with
the expansion of suburban housing to support
growing regional populations (USCB 2009). As
more agricultural land was used for development,
farmers found opportunities in other, previously
uncropped areas, such as the foothills along the
boundary between the Central California Valley
and the Chaparral and Oak Woodlands ecore-
gions. For example, as urban population and de-
mand for housing grew in areas near Chino, CA,
farmers realized large profits from the sale of
dairy farms to urban developers. In many cases,
these profits were reinvested in large mega-dairies
located in the Central California Valley where
land prices were cheaper (Sterngold 1999; Hart
2003).

Summary

This work demonstrates the usefulness of uti-
lizing remotely sensed data to develop scal-
able regional land-cover histories for ecological
regions of California. Establishing baseline land-
scape histories are fundamental to understanding
linkages and feedbacks between drivers of change
and LULC change. These data provide critical
inputs for modeling Earth systems, including the
atmospheric exchange of carbon (Liu et al. 2008),
changes in ecosystem energy budgets from anthro-
pogenic forcing (e.g., land-cover change; Barnes
and Roy 2008), local and regional weather vari-
ability (Hale et al. 2006), and future landscape
scenarios (Sohl et al. 2007). For example, Liu
et al. (2009) used these data to quantify the effect
of disturbance on regional carbon flux in Cali-
fornia; demonstrating California’s natural ecosys-
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tems functioned as a net carbon sink for 1951–
2000 (personal communication). Future research
should be conducted to establish causality be-
tween social and biophysical drivers of change and
past, present, and future landscapes, ultimately
linking rates and drivers to environmental conse-
quences.
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