
Biological Conservation 152 (2012) 280–290
Contents lists available at SciVerse ScienceDirect

Biological Conservation

journal homepage: www.elsevier .com/locate /b iocon
Changing distribution patterns of an endangered butterfly: Linking
local extinction patterns and variable habitat relationships

Kristine L. Preston a,d,⇑, Richard A. Redak a,b, Michael F. Allen a,c, John T. Rotenberry a,c

a Center for Conservation Biology, University of California, Riverside, CA 92521, USA
b Department of Entomology, University of California, Riverside, CA 92521, USA
c Department of Biology, University of California, Riverside, CA 92521, USA
d Nature Reserve of Orange County, 15600 Sand Canyon Avenue, Irvine, CA 92618, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 11 September 2011
Received in revised form 2 March 2012
Accepted 11 March 2012
Available online 23 June 2012

Keywords:
Agricultural intensification
Euphydryas editha quino
Extinction
Grazing
Precipitation
Urbanization
0006-3207/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.biocon.2012.03.011

⇑ Corresponding author at: Center for Conserva
California, Riverside, CA 92521, USA. Tel.: +1 951 827

E-mail address: Kristine.Preston@ucr.edu (K.L. Pre
Multiple processes are increasingly recognized as being responsible for species’ extinctions. We evaluated
population extinctions between 1930 and 1998 for the endangered Quino checkerspot (Euphydryas editha
quino) butterfly relative to agricultural history, human population growth, climate variability, topograph-
ical diversity, and wildflower abundance. Overall agricultural land use was calculated for extinct and
extant populations based upon cultivation and grazing intensities averaged across five time periods
reflecting distinct agricultural practices from 1769 to present. Extinct populations were associated with
a history of more intensive agriculture and greater human population growth at time of extinction. A long
history of intensive livestock grazing was the strongest agricultural predictor of extinction. Based upon
historic vegetation maps, extinct butterfly populations were typically isolated from other known popu-
lations by 1930, and in landscapes fragmented by cultivation and development. Precipitation and topo-
graphical variability were not important predictors of extinction. Wildflower host plants and nectar
sources have declined across the butterfly’s range because of invasive plants and habitat loss. The propor-
tion of years considered average or abundant in wildflowers declined significantly during extinction peri-
ods. The Quino checkerspot has shifted in distribution from the coast into foothills and mountains. Newly
discovered higher elevation populations experience more precipitation and are buffered from drought.
Efforts to conserve Quino checkerspot are enhanced by understanding that the butterfly’s decline and
shifting distribution is a complex multi-scale process related to agricultural history, human population
growth, climate variability, and wildflower decline.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple interacting stressors are driving species to extinction
(Brook et al., 2008). Butterflies are especially sensitive to environ-
mental change and accelerating extinction rates are leading to a
global decline in butterfly diversity (Forister et al., 2010; Potts
et al., 2010; Warren and Bourn, 2010). These declines are associ-
ated with urban and agricultural expansion and changing agricul-
tural practices (Maes and Van Dyck, 2001; Stefanescu et al.,
2004; Norris et al., 2010; Warren and Bourn, 2010; Fattorini,
2011). Agricultural intensification employing large-scale cultiva-
tion and use of pesticides and herbicides is reducing butterfly
diversity (Schmitt and Rákosy, 2007; Marini et al., 2009; Ekroos
et al., 2010; Warren and Bourn, 2010). Livestock grazing also
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affects butterfly populations, although the nature of the relation-
ship depends on butterfly life history traits, plant community suc-
cession, grazing regimes, and invasive plant dynamics (Swengel,
2001; Pöyry et al., 2005; Schtickzelle et al., 2007; Vogel et al.,
2007). In some species, lack of grazing leads to population extinc-
tion, whereas in others over-grazing causes extinction. Invasive
species are another threat to butterfly populations (Moroń et al.,
2009; Potts et al., 2010; Wagner and Van Driesche, 2010).

Climate change may cause future large-scale extinctions and
interact with other drivers to accelerate extinction and biodiversity
loss (Purvis et al., 2000; Brook et al., 2008). Insects are especially
vulnerable to global warming as ambient temperature controls
body temperature influencing metabolic reaction rates and life his-
tory phenology (Parmesan, 2006; Memmott et al., 2007; Wilson
and Maclean, 2011). Precipitation patterns are changing with ex-
tremes in precipitation increasing (Easterling et al., 2000; IPCC,
2007; Seager et al., 2007). Increasing climate variability can lead
to phenological mismatches between butterflies and host plants
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causing population extinctions (Ehrlich et al., 1980; McLaughlin
et al., 2002; Parmesan, 2006; Hegland et al., 2009; Singer and Par-
mesan, 2010).

To effectively conserve declining species, it is important to
understand the multiple processes leading to extinction. The
endangered Quino checkerspot butterfly (Euphydryas editha quino)
provides an opportunity to evaluate the association between pop-
ulation extinction and global change processes, including changing
climate and land use. Quino checkerspot is the southernmost sub-
species of Edith’s checkerspot (E. editha), which is broadly distrib-
uted throughout western North America. The range of Edith’s
checkerspot has shifted northward and upwards in elevation, con-
sistent with global warming predictions (Parmesan, 1996). Quino
checkerspot populations exhibited the highest extinction rates, as
expected for southerly populations in a warming and drying cli-
mate. Currently, this butterfly may be undergoing a range shift into
higher elevations (USFWS, 2009), consistent with climate change
predictions for the species (Parmesan, 1996; Preston et al., 2008).
However, local extinctions and changes in historic distribution
are also attributed to extensive habitat loss and degradation result-
ing from urban and agricultural land uses (Mattoni et al., 1997;
USFWS, 1997, 2003).

In this paper, we evaluate spatial and temporal patterns of
extinction in southern California populations of Quino checkerspot
relative to agricultural history, human population growth, climate
and topographic variability, and wildflower abundance. We also
assess distributional changes and differences in environmental
conditions across the United States (US) portion of the subspecies’
historic and current range. Insights derived from these analyses
will help us understand those environmental conditions under
which Quino checkerspot populations may be more resilient or
susceptible to global change processes. Such knowledge is impor-
tant in prioritizing lands for conservation and informing manage-
ment of this endangered subspecies.
2. Methods

2.1. Study system

Quino checkerspot was formerly distributed throughout cis-
montane southern California, US and northern Baja California,
Mexico. Our southern California study area extends from the Paci-
fic Ocean east through valleys, foothills, and mountains to the des-
ert edge (Fig. 1). Climate, vegetation, and topography vary
substantially. This once widespread and abundant butterfly cur-
rently occupies open coastal sage scrub and chaparral shrublands
with native forbs. In early studies, Quino checkerspot primarily
used Plantago erecta as a larval host plant with secondary use of
Plantago ovata (Singer, 1971, 1982; White, 1974). More recently,
butterflies have been observed using other host plants, particularly
at higher elevation sites. These include Castilleja exserta, Plantago
patagonica, Antirrhinum coulterianum, Collinsia concolor, and Cordy-
lanthus rigidus (Mattoni et al., 1997; Pratt and Pierce, 2008; USFWS,
2003, 2009). Adult Quino checkerspot use multiple nectar sources,
including species in the Cryptantha, Eriodictyon, Gilia, Lasthenia,
Lomatium, Muilla, and Plagiobothrys genera. More than 75% of the
butterfly’s former range has been converted to agriculture and ur-
ban development, prompting listing as a federally-endangered spe-
cies in 1997 (USFWS, 1997).

Quino checkerspot likely have a complex metapopulation struc-
ture with large (20–100 fold) fluctuations over 10–20 year periods
(Mattoni et al., 1997; USFWS, 2009). Under certain environmental
conditions, Quino checkerspot populations can explode in size and
defoliate larval host plants leading to massive dispersal events
(Murphy and White, 1984; White and Levin, 1981). Large
populations tend to persist in more extensive, diverse habitats,
whereas smaller, lower quality habitats are temporarily colonized
by butterflies following massive dispersal events and sufficient
rainfall for larval host plant growth. Extirpation of large, source
populations is likely to lead to long term extinction in an area. In
Edith’s checkerspot, the annual timing and amount of precipitation
drives population fluctuations by determining larval survival; 99%
of pre-diapause larvae can die from starvation when host plants se-
nesce after winter rains (Ehrlich et al., 1980).

2.2. Temporal and spatial patterns of the butterfly’s distribution

To assess the spatial and temporal distribution of Quino check-
erspot occurrences in the study area, we combined current butter-
fly locations with historic records and mapped observations by
decade.

2.3. Environmental databases for modeling

To compare land use and climate differences at extinct and ex-
tant Quino checkerspot populations, we developed a database
characterizing agricultural history, human population size, and
precipitation and topographical variability. These data were de-
rived from many sources and linked spatially to each population
(Appendix Table 1). We developed a second environmental dataset
using Geographic Information Systems (GISs) software and digital
data to calculate variables reflecting current environmental condi-
tions across the historic and present range of Quino checkerspot.

2.3.1. Environmental conditions at extinct and extant butterfly
populations

For our analysis of environmental factors associated with extinc-
tion, we identified extinct populations and selected comparable ex-
tant populations for the purposes of calculating environmental
variables during equivalent time periods. Extant populations were
undeveloped locations where Quino checkerspot have been re-
corded since 1998. Extinct populations were those where a butter-
fly was detected historically (1905–1982) but has not been
recorded since 1998. We defined the extinction period as the 20-
year window centered on the last recorded butterfly observation.
This period corresponds to the 10–20 year cycle in which butterfly
populations can fluctuate exponentially and during which environ-
mental conditions likely influence population dynamics leading to
extinction (Mattoni et al., 1997; USFWS, 2003, 2009).

We calculated environmental variables during relevant time
periods for each extinct population and then selected the closest
extant population to calculate environmental variables during
the same time periods. If there were no nearby extant populations,
we selected an extant population in similar proximity to the coast
as the extinct population. The intent was to select extinct and ex-
tant populations comparable in environmental conditions so that
factors most strongly associated with extinction could be
distinguished.

2.3.1.1. Human population. We used the size of the human popula-
tion near a Quino checkerspot population as a proxy for the relative
amount of historic habitat loss to urbanization (Forister et al.,
2010). We used 1930 Wieslander Vegetation Type Maps (VTMs)
to assess the level of development versus natural habitat in the
vicinity of each butterfly population prior to the period of docu-
mented population extinctions (Wieslander, 1935; VTM, 2011).
We aggregated decadal US Census Bureau human population data
for counties, cities, and towns (Forstall, 1995; CSDF, 2000) in the
vicinity of Quino checkerspot populations. We defined ‘‘vicinity’’
as a distance of 65 km between the butterfly population and a
town or city, which is within Quino checkerspot’s dispersal
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Fig. 1. Quino checkerspot butterfly (QCB) study area and butterfly locations classified by colored circles according to the most recent decade in which an observation was
reported. Also shown are locations of extinct (triangle) and extant (circle) populations used in modeling.
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capabilities (Harrison, 1989; Parmesan, 1996). We used maps with
jurisdictional boundaries (Rand McNally, 2004, 2008) and a GIS
layer of cities (ESRI, 2005) to determine towns and cities 65 km
from butterfly populations. Growth in human population was cal-
culated as the difference in population density between the decade
prior to the last butterfly observation for an extinct population and
the decade following that observation. Human population growth
was calculated for the same time period for the comparable extant
population.

2.3.1.2. Agricultural history. To categorize land use change associ-
ated with agricultural practices, a score was developed for each
population reflecting the relative intensity of grazing and cultiva-
tion over five discrete time periods between 1769 and present.
These time periods represent different patterns of agricultural pro-
duction in this region (Johnston and McCalla, 2004). Agriculture
was introduced into California by Spanish missionaries in 1769.
During the Spanish Mission/early Mexican (1769–1834) and Mex-
ican rancho (1835–1848) periods, livestock grazing was the pre-
dominant form of agriculture. The early California statehood
period (1849–1889) is characterized by cattle production, with a
switch in the 1870s to sheep production and dry farming of wheat
and barley. The agricultural intensification period (1890–1930) in-
cludes expansion of dry farming and rapid growth of intensive irri-
gated crops, such as fruits and vegetables. After 1930, there was
further growth of agriculture, although following World War II a
population boom converted large areas of farmland to urban/sub-
urban development.

We compiled historical records from many sources (Appendix
Table 1) to estimate relative livestock grazing intensities 65 km
from extinct and extant Quino checkerspot populations. We used
historic Wieslander Vegetation Type Maps (VTMs) to assess spatial
patterns of agriculture and natural vegetation near butterfly popu-
lations in 1930 (Wieslander, 1935; VTM, 2011). Lands used for live-
stock grazing were assigned a grazing intensity score based upon
categories of livestock stocking rates (number of hectares/head of
cattle/horse; Appendix Table 2). Cut-offs for stocking rates within
each grazing category were based upon historic livestock grazing
intensities in California (Minnich, 2008). Extinct and extant butter-
fly populations were given numeric scores for each time period
based upon average livestock production records or upon typical
stocking rates for that area. We used descriptions of historic land
use (Appendix Table 1) to identify whether there was significant
livestock grazing near populations or whether land was used for
farming, urban/suburban development or left undisturbed. We cat-
egorized intensity of livestock grazing before 1930 to reflect graz-
ing history before extinction and after 1890 to represent the period
before and during extinction episodes. We also quantified grazing
for only the decades prior to (1890–1930) and during (post-1930)
documented butterfly extinctions.
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In a similar manner, we compiled cultivation information from
different sources (Appendix Table 1). We scored each extinct and
extant population for relative intensity of cultivation during the
five time periods (Appendix Table 2). We used historic Wieslander
VTMs to categorize the amount of cultivated land 65 km of butter-
fly populations in 1930, the start of the period of extinctions exam-
ined in this study. Cultivation included dry farming (grains) and
irrigated crops (orchards, vineyards, vegetables, and hay). We cal-
culated cultivation intensity from 1890 through 1930 to reflect
conditions preceding extinctions and after 1930 to characterize
extinction episodes.

To quantify overall agricultural land use for each population, we
calculated an average score representing combined grazing and
cultivation scores across the five time periods.

2.3.1.3. Climate. We obtained weather station records closest to ex-
tinct and extant Quino checkerspot populations and calculated cli-
mate parameters (WRCC, 2012). Since precipitation and
temperature are highly correlated, we focused on precipitation
variables, which are important in Edith’s checkerspot population
dynamics (Ehrlich et al., 1980; McLaughlin et al., 2002). We calcu-
lated mean and standard deviation annual rainfall (August 1–July
31) for the entire weather station record and for the 20-year
extinction period at each population. Extremely low precipitation
years experienced less precipitation than one standard deviation
below the mean precipitation for the butterfly population with
the lowest average rainfall. Similarly, extremely high precipitation
years were those receiving more precipitation than one standard
above the mean precipitation of the population with the highest
average rainfall. Thresholds defining extreme rainfall years were
6140 mm and P566 mm of precipitation.

We summarized precipitation from December to June of the
rainfall year, the period of time most relevant to the Quino check-
erspot life-cycle. We determined the proportion of extreme rainfall
years for the entire weather station record for each population. For
each extinct population, we calculated the difference between the
proportion of extreme December to June rainfall years for the
20 year extinction window and preceding years of the weather sta-
tion record. We also calculated this for the comparable extant pop-
ulation during the same time period. To further assess whether
extreme precipitation was associated with extinction, we con-
ducted a two sample paired t-test with extinct populations testing
the null hypothesis that the proportion of extreme precipitation
years was higher during the extinction period than in preceding
years. We conducted the same analysis for extant populations.

2.3.1.4. Topography. Topography plays a strong role in sister sub-
species Bay checkerspot (E. editha bayensis) larval development
and survival and the timing of adult emergence (Weiss et al.,
1988, 1993). We used a vector ruggedness measure (VRM) calcu-
lated in GIS to quantify local variation in terrain, this measure is
less dependent on slope than other methods (Sappington et al.,
2007). Vector analysis is used with a raster-based digital elevation
model to decompose each grid cell into x, y, and z components
using trigonometry and the slope and aspect of the cell. We calcu-
lated terrain ruggedness for a 3 � 3 neighborhood of 90 m cells at
each population location.

2.3.1.5. Wildflower abundance. Minnich (2008) compiled newspa-
per records categorizing annual wildflower abundance for Los
Angeles County from 1886 to 2007 and Riverside County from
1918 to 2007. Orange County was originally part of Los Angeles
County and was included in the analysis. We had no wildflower re-
cords for San Diego County. For each extinct population in Los
Angeles, Orange and Riverside counties, we calculated the propor-
tion of years that wildflowers were average or high in abundance
during the extinction period. We then calculated the proportion
of average and high wildflower years for the period prior to extinc-
tion. We used a two sample paired t-test to test the null hypothesis
that for extinct populations, wildflower abundance was lower dur-
ing the extinction period than the preceding period.

2.3.2. GIS-based environmental dataset to compare butterfly habitats
For a larger-scale analysis of habitat relationships across the

current distribution of Quino checkerspot, we used ARCGIS 9.1
software (ESRI, 2005) to calculate environmental variables from
various digital source layers for a 1 km2 grid across the study area.
For each Quino checkerspot location we extracted values for
environmental variables at the grid cell encompassing the location.
Climate variables included average annual precipitation and mini-
mum January temperature (OSU, 2006). To characterize topogra-
phy we used a 90-m resolution Digital Elevation Model (USGS,
2006) to calculate median values for elevation, slope, and aspect
within a 1 km2 cell. Land cover variables included percent of coast-
al sage scrub and chaparral habitats and agricultural and devel-
oped lands within 1 km2, as calculated from a vegetation map for
the region (CDF, 2006).

2.4. Modeling methods

2.4.1. Model construction
2.4.1.1. Comparing extinct versus extant populations. We constructed
and compared alternative logistic regression models to distinguish
between environmental conditions associated with extinct versus
extant populations. These models represented different a priori
hypotheses regarding the importance of land use and climate in
association with population extinction. We used an information-
theoretic comparative approach to evaluate alternative models
(Burnham and Anderson, 2002).

2.4.1.1.1. Butterfly extinctions, agriculture, human population,
precipitation and terrain ruggedness. To explore the relationship
of local-scale butterfly extinctions and land use change, climate
variability, and topographic heterogeneity, we developed models
comparing average intensity of agriculture (grazing and cultiva-
tion) since 1769 with human population growth, the difference
in proportion of extreme precipitation during December through
June rainfall years before and during the extinction period, and ter-
rain ruggedness. We created a global model incorporating all four
variables and alternative models with land use versus climate/
topographic variables and interaction terms. We avoided multicol-
linearity by examining correlations among pairs of variables and
for r > 0.7 we retained only one of the independent variables in
the model (Tabachnick and Fidell, 1996).

2.4.1.1.2. Butterfly extinctions, grazing, and cultivation intensity
over different time periods. We ran a second series of models to ex-
plore the association between butterfly population extinction and
livestock grazing and crop cultivation during different time peri-
ods. We calculated intensity of grazing and cultivation, for the en-
tire period preceding extinction (1769–1930) and several decades
prior (1890–1930), during extinction (post-1930), and for the en-
tire history of agriculture from 1769.

2.4.1.2. Environmental conditions across the Quino checkerspot’s
distribution. To determine if there were environmental differences
within the current distribution of Quino checkerspot populations,
we characterized environmental attributes for locations where
Quino checkerspot populations were historically documented and
still persist with areas where populations have only recently been
detected. ‘‘Established’’ populations included both historical
(<1998) and current locations, whereas ‘‘newly discovered’’ in-
cluded a distinct region with no spatially explicit location records
before 1998. We calculated mean ± standard deviation values for
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environmental variables. We used the comparative logistic regres-
sion modeling approach to evaluate differences in climate, vegeta-
tion, and land use at established versus newly discovered locations.
As there were more records for established populations, we ran-
domly selected a subset of these records to obtain equivalent sam-
ple sizes for modeling.
2.4.2. Model evaluation
To select the best approximating model(s), we used Akaike’s

information criterion adjusted for small samples (AIC; Burnham
and Anderson, 2002). We selected the model with the lowest AICc

value and calculated a difference in AICc (Di) for each model. We
computed Akaike weights (xi) representing the probability that a
model was the best approximating model for the dataset. We also
calculated an evidence ratio representing the probability that the
model with the highest xi was likely to be correct compared to an-
other model. Based upon cumulative Akaike weights, we identified
a P95% confidence subset of best approximating models. To eval-
uate the relative importance of each variable, we calculated model
averaged parameter estimates (MAPEs) and cumulative variables
weights (CVWs).
3. Results

3.1. Temporal and spatial patterns of the Quino checkerspot’s
distribution

Quino checkerspot butterflies were historically recorded from
the coast to the foothills of southern California (Fig. 1). Between
the 1930s and 1970s the butterfly disappeared from most coastal
areas. Current populations are distributed in the central and east-
ern portions of the butterfly’s historic range. Most recent observa-
tions are clustered in southwestern Riverside County, particularly
in the foothills, and in southern San Diego County. The most east-
erly distributed newly discovered locations in Riverside County
were first documented in 1998 and are at higher elevations in
the Peninsular Mountains.
3.1.1. Patterns of extinction relative to 1930 land use
Inspection of the VTMs reveals that in 1930 southern Califor-

nia was largely agrarian with human population centers in the
major cities of Los Angeles, Riverside, and San Diego. There was
extensive cultivation along the coast in northern Orange and
San Diego counties and in large interior valleys. Native shrub-
lands along the coast were fragmented by grassland, cultivated
fields, and rural residences. Extensive native shrublands, particu-
larly chaparral, were located away from the coast at higher eleva-
tions in the Santa Ana Mountains and Peninsular foothills. Only a
few areas with large expanses of potential habitat lack historic
butterfly observations, such as foothills/mountains in southern
Orange County and northern San Diego County. In 1930 only
18% of butterfly populations that later went extinct had shrub-
lands encompassing more than 50% of the area within 5 km of
their location, compared with 58% of extant populations. Extinct
populations were also more isolated in 1930, with only 9% having
a known butterfly population within 5 km compared with 92% of
extant populations.
3.2. Environmental conditions at extinct versus extant populations

We classified 14 local Quino checkerspot populations as extinct
and selected 14 comparable extant populations within the histor-
ically established range (Fig. 1).
3.2.1. Butterfly extinctions, agriculture, human population, and
precipitation

In distinguishing between extinct and extant Quino checkerspot
populations three candidate models comprised a 97% confidence
subset of best approximating models (Table 1). The top-ranked
model included average agricultural intensity since 1769 and
growth in human population during the extinction period. All three
candidate models included these two variables. Difference in pro-
portion of extreme precipitation years during the extinction peri-
od, terrain ruggedness, and interaction between agricultural
intensity and human population growth did not improve perfor-
mance of the other two candidate models.

There was a positive relationship between extinction and
average agricultural intensity (Fig. 2a; MAPE: 0.10; 90% C.I.: 0.01–
0.18). Agricultural intensity was an important predictor of extinc-
tion (CVW = 0.99). Extinct populations showed variable levels of
human population growth (Fig. 2b), but there was a positive associ-
ation between human population growth and extinction (MAPE:
0.0001; 95% C.I.: 0.0000–0.0003). Human population growth was
as important as agriculture in predicting extinction (CVW of 0.97).
Average annual rainfall (Fig. 2c) and minimum January temperature
did not differ between extinct and extant populations. The differ-
ence in proportion of extreme December to June rainfall years during
the 20-year extinction window compared with previous years did
not show a trend relative to extinction (Fig. 2d, MAPE: 0.07; 95%
C.I.: �0.07 to 0.21). Terrain ruggedness also did not show a trend
in association with extinction (Fig. 2e, MAPE: �0.14; 95% C.I.:
�0.37 to 0.09). CVWs of 0.42 indicate extreme precipitation and
terrain ruggedness were substantially less important than land use
in distinguishing between extinct and extant butterfly populations.

There was a subtle difference in extreme precipitation for extinct
and extant populations that was detected only with paired sample
comparisons. For extinct populations, the proportion of extreme
rainfall years was significantly higher during the extinction period
(mean ± standard deviation: 0.10 ± 0.06) compared with the prior
period (0.06 ± 0.06; Paired two-sample t test, t = 2.49, p = 0.01).
Similarly, for extant populations extreme rainfall was greater in
the extinction period (0.13 ± 0.06) compared with the prior period
(0.08 ± 0.05; Paired two-sample t test, t = 2.50, p = 0.01).

3.2.2. Butterfly extinctions, grazing, and cultivation
Three models comprised a 98% confidence subset of models

relating livestock grazing and cultivation intensities over different
time periods to butterfly extinction (Appendix Table 3). Average
grazing intensity from 1769 to 1930 was the most important pre-
dictor of extinction. The best approximating model with a weight
of 0.75 included only pre-1930 grazing, which had a positive asso-
ciation with extinction (Fig. 2f; MAPE: 1.36; 95% C.I.: 0.14–2.58;
CVW = 0.98).

The second ranked model included pre-1930 grazing and post-
1930 cultivation (Di = 2.74; xi = 0.19; xi/x1 = 3.9), while the third
ranked model included these two variables and an interaction term
(Di = 5.66; xi = 0.05; xi/x1 = 13.8). Post-1930 cultivation intensity
showed no trend in relation to extinction (Fig. 2g; MAPE: 0.01; 95%
C.I.: �0.13 to 0.15; CVW = 0.24). Other measures of grazing and
cultivation were unimportant predictors of extinction.

3.2.3. Butterfly extinctions and wildflower abundance
Based upon newspaper accounts (Minnich, 2008), thirteen ex-

tinct Quino checkerspot populations in Los Angeles, Orange, and
Riverside Counties had significantly fewer average or high abun-
dance wildflower years (mean ± standard deviation: 0.18 ± 0.16;
Paired two-sample t-test, t = �5.795, p = <.0001) during the extinc-
tion period than prior to extinction (0.51 ± 0.16). Between 1886
and 1918, 73% of years with records in Los Angeles County were
classified as average or high abundance wildflower years. However,
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Table 1
Performance of logistic regression modelsa in distinguishing between extinct and extant populations of Quino checkerspot relative to human population, precipitation extremes,
terrain ruggedness and cumulative agricultural land use scores from first European settlement to present. K represents the number of model parameters, Di is the difference in
AICc values for each model relative to the model with the lowest AICc, xi is the model weight, and xi/x1 is the evidence ratio.

Model parameters K Di xi xi/x1

Agriculture and human population 4 0.000 0.444
Agriculture, human population, terrain ruggedness and December–June extreme precipitation 6 0.147 0.413 1.1
Agriculture, human population and interaction 5 2.796 0.110 4.0
Agriculture 3 6.353 0.019 23.9
Terrain ruggedness 4 8.256 0.007 61.7
Human population 3 9.614 0.004 123.3
Terrain ruggedness and December–June extreme precipitation 5 10.508 0.002 191.4
Terrain ruggedness, December–June extreme precipitation and interaction 5 13.09 0.001 191.4
December–January extreme precipitation 3 13.686 0.001 888.0

a Models highlighted in bold form 96% confidence subset of best approximating models. Variables are defined in the methods.
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between 1918 and 2007, only 9% of years were average with no
high abundance years. This trend in declining wildflower popula-
tions proceeded inland with increasing low abundance years
beginning in the 1940s in Riverside County. However, wildflower
fields have persisted in areas of western Riverside County with
high abundances recorded as late as 1952 and average abundances
as late as 2003. Populations remaining extant during the period of
wildflower decline are located in eastern portions of the butterfly’s
range where wildflowers have remained more abundant.

3.3. Environmental variation across the historic and current range

In characterizing differences in environmental attributes across
the historic range of Quino checkerspot, the butterfly’s current dis-
tribution is shifted toward higher elevations (Fig. 3a). This is caused
by the extinction of low elevation coastal populations and occur-
rence of newly discovered populations in the Peninsular Moun-
tains. These latter populations receive substantially more rainfall
than extinct or established populations (Fig. 3b). The proportion
of extreme rainfall years calculated from long-term weather station
records varies by region and tends to be lower for newly discovered
populations (Fig. 3c). Average minimum January Temperature be-
tween 1970 and 2000 was much lower for newly discovered popu-
lations (Fig. 3d). There was little difference in the amount of current
urban and agricultural development for established populations
(Fig. 3e and f). Newly discovered populations occur in landscapes
with more chaparral and less coastal sage scrub (Fig. 3g and h).

3.3.1. Environmental conditions at established versus newly
discovered populations

Three logistic regression models formed a 95% confidence sub-
set in distinguishing between established and newly discovered
populations and all three models included climate variables (Ta-
ble 2). The single most important predictor was annual rainfall
with a CVW of 1.0; annual rainfall was lower at established popu-
lations (MAPE: �0.11; 95% C.I.: �0.18 to �0.03). The proportion of
extreme rainfall years at weather stations near populations did not
show a trend (MAPE: 2.70; 95% C.I.: �25.75 to 31.16; CVW = 0.35).
Minimum January temperature was highly correlated with precip-
itation (r = �0.96, p<.0001) and was not used in modeling. Land use
and vegetation variables showed no trends in distinguishing be-
tween established and newly discovered populations and CVWs
were less than 0.10.
4. Discussion

4.1. Environmental conditions at extinct versus extant populations

Quino checkerspot population extinctions in southern
California were most strongly associated with agricultural inten-
sity from 1769 to present and to human population growth during
the extinction period. By the early 1930s agriculture and rural
development had led to extensive habitat loss and fragmentation.
Climate played a subtle and localized role; it was not an important
predictor of extinction, although extinct populations had signifi-
cantly more extreme rainfall years during the extinction period.
Climate variability may have exacerbated the effects of habitat loss
and degradation on Quino checkerspot population dynamics. An
interaction between habitat loss, degradation, and climate variabil-
ity contributed to Bay checkerspot population extinctions where
extreme precipitation was associated with large population fluctu-
ations (Ehrlich et al., 1980; McLaughlin et al., 2002). Habitat loss
and degradation resulted in the inability of butterflies to recolonize
isolated habitat patches after populations were extirpated as a
result of climate variability.

Many Quino checkerspot populations in southern California
likely disappeared prior to the extinction events examined in this
study (Mattoni et al., 1997). The Wieslander VTMs indicate that
by 1930 populations that went extinct over the next six decades
occurred in relatively isolated natural habitats fragmented by agri-
culture. Temporal and spatial patterns of Quino checkerspot popu-
lation extinctions mirror trends in agricultural intensity and
human population growth. Thus, land use practices may have
directly caused butterfly extinctions through habitat destruction
as well as indirectly through loss of resilience. Fragmented habitats
with butterfly extinction following stochastic events (e.g., fire,
flood, drought) would likely remain unoccupied because of isola-
tion from other butterfly populations.

4.1.1. Butterfly extinctions, grazing, invasive plants, and declining
wildflowers

Quino checkerspot population extinctions were associated with
a longer, more intensive history of grazing. Those areas with the
longest history of grazing and highest livestock stocking rates com-
prised the best pasture (Minnich, 2008) and were where butterflies
initially went extinct. Other studies have also documented rela-
tionships between livestock grazing, quantified at relatively coarse
scales, and landscape-scale patterns of butterfly diversity, abun-
dance, population dynamics, and extinction (Hoyle and James,
2005; Pöyry et al., 2005; Saarinen and Jantunen, 2005).

The causal relationship between livestock grazing and Quino
checkerspot population extinction is unknown. Grazing can cause
direct mortality of immobile larvae and pupae through trampling
(Weiss, 1999; Swengel, 2001; Schtickzelle et al., 2007). Grazing
can indirectly affect butterflies by reducing the richness and
abundance of native larval host and nectar plants and by altering
vegetation structure and microclimate, thereby impacting thermo-
regulatory environments for developing larvae (Swengel, 2001;
Hoyle and James, 2005; Saarinen and Jantunen, 2005; Schtickzelle
et al., 2007). It is conceivable that over-grazing led to Quino check-
erspot population extinctions in the 1800s when stocking rates
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Fig. 2. Environmental attributes at 14 extinct and 14 extant Quino checkerspot populations.
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were at their highest and that populations remaining in the 1930s
were remnants of a previously more abundant distribution.
Based upon descriptions of Spanish Explorers, missionaries, and
early settlers, the best pasture lands supported diverse and
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Table 2
Performance of logistic regression modelsa in distinguishing between newly discovered and established extant Quino checkerspot populations relative to current land use
(percent agriculture and development in 1 km2) and natural (climate, percent vegetation in 1 km2) environmental factors. K represents the number of model parameters, Di is the
difference in AICc values for each model relative to the model with the lowest AICc, xi is the model weight, and xi/x1 is the evidence ratio.

Model type Model parameters K Di xi xi/x1

Climate Annual rainfall 3 0.000 0.654
Climate Annual rainfall, proportion extreme rainfall 4 2.044 0.235 2.8
Climate and land use Annual rainfall, proportion extreme rainfall, % agriculture, % development 6 4.638 0.064 10.2
Climate and vegetation Annual rainfall, proportion extreme rainfall, % chaparral, % coastal sage scrub 6 5.834 0.035 18.5
Climate, vegetation and land

use
Annual rainfall, proportion extreme rainfall, % chaparral, % coastal sage scrub, % agriculture, %
development

8 8.257 0.011 62.3

Vegetation % Coastal sage scrub 3 48.451 0.000 6540000000.0
Vegetation % Chaparral, % coastal 4 50.514 0.000 >6540000000.0
Vegetation and land use % Chaparral, % coastal sage scrub, % agriculture, % development 6 54.084 0.000 >6540000000.0
Vegetation % Chaparral 3 71.341 0.000 >6540000000.0
Climate Proportion extreme rainfall 3 81.394 0.000 >6540000000.0
Land use % Development 3 90.508 0.000 >6540000000.0
Land use % Agriculture 3 92.007 0.000 >6540000000.0
Land use % Agriculture, % development 4 92.027 0.000 >6540000000.0

a Models highlighted in bold form 95% confidence subset of best approximating models. Variables are defined in the methods.
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abundant wildflower communities. These areas were also where
exotic Mediterranean plants were first introduced and established
(Mattoni et al., 1997; Minnich, 2008). Open forb lands with patches
of shrubs are characteristic of high quality Quino checkerspot hab-
itat. As late as the early 1900s, primary host and nectar plants for
this butterfly were still common. However, southern California
wildflowers started a precipitous decline in abundance around
1920 (Minnich, 2008). The trend in decreasing wildflower abun-
dance began at the coast and spread inland, although in some years
wildflowers are still average abundance in Riverside County,
especially in areas with poor soils. The pattern and timing of wild-
flower decline corresponds with patterns of Quino checkerspot
population extinctions.

Invasive annual grasses in combination with urban develop-
ment and agricultural expansion contributed to the collapse of
extensive native wildflower fields (Minnich, 2008). A suite of Med-
iterranean annual grasses first invaded coastal areas in the late
1800s, became well established by the 1930s, and then expanded
into inland valleys (Wieslander, 1935; Minnich, 2008). This wave
of invaders included red brome (Bromus rubens), ripgut brome
(Bromus diandrus), and slender wild oat (Avena barbata). The rapid
decline of Quino checkerspot in the 20th century is likely caused in
part by invasive plants and the collapse of native wildflower fields.
Invasive grasses reduce the abundance of native larval host and
nectar plants and bare ground available for optimal larval develop-
ment (Weiss, 1999; Osborne and Redak, 2000). Invasive annual
grasses have also contributed to population extinctions in other
Edith’s checkerspot subspecies (Weiss, 1999; Severns and Warren,
2008).

Intensive grazing can facilitate invasion of exotic plants and
likely played a role in the spread and dominance of exotic grasses
in California’s native plant communities (Leiva et al., 1997; Weiss,
1999; Hayes and Holl, 2003; Seabloom et al., 2003; HilleRisLambers
et al., 2010). Although livestock grazing may have contributed to the
spread of invasive grasses and forbs, it can also be used to control
these species and aid in the return of native species. Butterfly spe-
cies, including the Bay checkerspot, have benefited from low inten-
sity, managed grazing that reduces exotic grass cover and increases
nectar and larval host plant cover (Weiss, 1999; Pöyry et al., 2005;
Vogel et al., 2007; Thomas et al., 2010). Intensity and duration of
livestock grazing, in relation to other factors determines the
magnitude and type of impact grazing has on butterfly populations.

4.1.2. Extinction and cultivation intensity
Cultivation intensity and crop types varied across the study

area. There was no clear association between cultivation intensity
and extinction. Cultivation was localized and of low intensity from
1769 until the late 1800s. By 1930, the most intensively cultivated
areas were coastal plains and river valleys with access to water for
irrigating crops. Inland areas were used for dry farming barley and
wheat. Extinct Quino checkerspot populations were located near
irrigated orchards and crops, whereas extant populations near cul-
tivation tended to be in dry farming regions.

4.1.3. Extinction and human population growth
Human population growth was associated with extinction;

although, there was considerable variability. A number of extinc-
tions occurred when the surrounding human population was rela-
tively small. Human population was used as an indicator of
urbanization driving habitat loss and fragmentation; we assumed
that the larger the population the greater the area impacted by ur-
ban activities. This measure is an approximation of impacts and
does not provide an actual overlay of converted land relative to
butterfly populations. It also underestimates the impact of rural
and semi-rural development. It is clear that urban development
has fundamentally changed the southern California landscape
and areas in which butterfly populations have gone extinct in Or-
ange and San Diego counties currently support substantially higher
levels of development compared with extant populations.

4.2. Historic distribution or range shift in response to changing
climate?

Parmesan (1996) documented a northward and upward eleva-
tion shift in the overall range of Edith’s checkerspot associated
with changing climate. While habitat degradation and isolation
could increase extinction rates, these factors were not thought to
contribute to the latitudinal range shift in Edith’s checkerspot.
Quino checkerspot has not demonstrated a northward shift; rather,
extant populations are occurring at higher elevations as predicted
by climate change modeling (Parmesan, 1996; Preston et al., 2008).
Quino checkerspot populations may have historically occurred, but
were unrecorded, at higher elevations along their eastern range
margin. High elevation populations are not unprecedented, as
populations of Edith’s checkerspot occur in the Sierra Nevada and
San Bernardino Mountains (Thomas et al., 1996; Mattoni et al.,
1997).

Alternatively, newly discovered populations may represent a
range shift in response to changing climate, as these high elevation
areas are buffered against drought compared with established
areas within the historic distribution. Future climate projections
for southern California predict temperatures will increase;
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precipitation may decrease and is expected to be more variable,
with longer, more severe droughts and more intense floods (Seager
et al., 2007). The eastern edge of Quino checkerspot’s range sup-
ports large and robust butterfly populations, abundant and diverse
larval host plants and nectar sources, and relatively low levels of
development and intensive agriculture. These areas may provide
climate refugia that Quino checkerspot will require under future
predicted scenarios of climate change (Preston et al., 2008).

5. Conclusion

Local-scale extinctions of Quino checkerspot butterfly popula-
tions in southern California were related to agricultural history,
human population growth, and wildflower decline. The association
of extreme precipitation with extinction was outweighed by the
effects of land use. Butterfly population extinctions coincided with
spatial and temporal patterns of habitat loss, high intensity graz-
ing, invasion by exotic annual grasses, and wildflower decline. At
a larger scale, differences within the distribution of extant Quino
checkerspot populations were best predicted by climate variables.
Higher elevation populations are buffered from drought. To
develop conservation plans and management actions that result
in successful long-term conservation of Quino checkerspot, it is
important to recognize that multiple stressors operating at differ-
ent scales influence population dynamics and changes in the
butterfly’s distribution.
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