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Abstract The butterfly Euphydryas editha is known to

be vulnerable to climate events that exacerbate natural

phenological asynchrony between insect and hosts. In prior

work, populations of E. editha have been more persistent at

high latitudes and high elevations than in the south and at

low elevations, consistent with response to observed

warming climate. However, poleward range shifts by the

endangered subspecies E. e. quino are blocked by urbani-

zation and range shifts to higher elevation may require host

shifts. Prior studies were inconclusive as to whether ele-

vational and host shifts were already occurring. Here, we

re-evaluate this scenario with new evidence from

molecular genetics, host-choice behaviour and field

recording of butterfly distribution. We found a statistically

significant upward shift in population distribution since

2009. Insects in the expanding region were neither genomic

outliers within Quino nor specifically adapted to their

principal local host genus, Collinsia. These diverse data

collectively support the hypothesis that an elevational

range expansion is already in progress, accompanied and

facilitated by a shift of principal host from Plantago to

Collinsia. Quino appears resilient to warming climate.

However, projections indicate that most or all of Quino’s

current range in the USA, including the new high elevation

expansion, will become uninhabitable. Our most frequent

projected future range (circa 2050) is c. 400 km northward

from current populations, hence conservation of Quino

may eventually require assisted colonization. For now,

Critical Habitat (sensu Endangered Species Act) has been

designated at sites around the new upper elevational limit

that were not known to be occupied. Designating Critical

Habitat outside the historic range is a pioneering response

to climate change. This politically challenging, non-tradi-

tional, climate change-oriented conservation effort exem-

plifies flexible thinking needed for species vulnerable to

climate change.

Keywords Assisted colonization � Climate change �
Global warming � Critical Habitat � Endangered Species

Act � Euphydryas editha quino

Introduction

Anthropogenic climate change has altered the distributions

of species around the world (Parmesan and Yohe 2003;

Root et al. 2003; Parmesan 2006; Rosenzweig et al. 2008;
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Chen et al. 2011a; Poloczanska et al. 2013; IPCC 2014).

Species that are already under stress from other human

activities are likely more vulnerable to global warming due

to decreased resistance and resilience (Parmesan and Gal-

braith 2004; Parmesan et al. 2013). In these circumstances,

the conservation community is increasingly concerned with

how to manage biodiversity. Global warming is funda-

mentally different from other anthropogenic influences in

that it is not driven by local activities, rendering direct

mitigation at the local level difficult. Nonetheless, a wide

diversity of approaches for indirect local mitigation has

already been advocated (reviewed by Mawdsley et al.

2009; Lawler 2009; Heller and Zavaleta 2009; Evans et al.

in press).

Even without climate change, it is becoming increas-

ingly difficult to prevent already-endangered species from

going extinct without continuous management. For exam-

ple, most species listed under the United States Endangered

Species Act (ESA) are currently conservation reliant; that

is, they require active management in order to persist

(Evans et al. in press). Anthropogenic climate change

exacerbates this requirement, with ‘climate-smart’ recom-

mendations all requiring more intensive management. True

recovery (sensu ESA), that is, ability of a population or

species to persist in the absence of active management, will

become increasingly difficult.

There is emerging documentation that ecosystems that

are initially less degraded by human activities are both less

altered by extreme climate events (i.e. more resistant) as

well as recovering more rapidly than degraded systems

after climate-change induced impacts (i.e. more resilient;

Hughes et al. 2007; Ling et al. 2009; Johnson et al. 2011).

Therefore, although biologists can’t prevent climate

change, one way in which we can mitigate its effects is to

foster ecosystem resistance and resilience by applying

traditional conservation approaches, such as increasing

habitat connectivity with renewed vigour (Heller and

Zavaleta 2009; Parmesan et al. 2013). Particular cases may

require addition of non-traditional approaches such as

assisted colonization (Hoegh-Guldberg et al. 2008; Rich-

ardson et al. 2009; Schwartz et al. 2012) and/or genetic

rescue (see Special Issue of Phil Trans Roy Soc 2013 on

Genetic Rescue, specifically Gomulkiewicz and Shaw

2013; Gonzalez and Bell 2013; Kirkpatrick and Peischl

2013).

Recovery under climate change requires that we not

only acknowledge and address current habitat needs, but

also prepare for and anticipate changing threats and needs.

The appropriate balance between traditional and novel

approaches should be developed by incorporating species’

climate change vulnerability assessments into recovery

planning and by exercising rapid-response adaptive man-

agement (Foden et al. 2013; Glick et al. 2011; Dawson

et al. 2011; Thomas et al. 2011; Evans et al. in press). Here

we describe a case study demonstrating rapid, innovative

management response to climate change impacts using a

Federally endangered butterfly, the Quino checkerspot

(Euphydryas editha quino), hereafter referred to as

‘‘Quino.’’

Quino checkerspot: at risk from climate change

Quino is a distinct subspecies of Euphydryas editha

(Edith’s checkerspot butterfly), a non-migratory species

with discrete populations and metapopulations distributed

across the western USA, northern Baja California (Mex-

ico), and southern regions of British Columbia and Alberta

(Canada). Currently, three sub-species of Edith’s checker-

spot (Quino, Bay checkerspot and Taylor’s checkerspot)

are Federally listed as endangered. Quino’s listing is typ-

ical for the US Endangered Species Act (ESA 1973, as

amended), with endangerment status derived largely from

massive loss of habitat to development and agriculture

across the insect’s range in southern California, resulting in

extirpation of 95 % of known US populations by the time

of listing, amid continued threat of ongoing development

(USFWS 2003; Preston et al. 2012). Habitat degradation

has compromised many of the existing sites where Quino is

still found, throughout the subspecies’ range. Degradation

stems from several sources: partly from non-native inva-

sive annuals out-competing native annual host plants

(likely aided by nitrogen loading from automobile pollu-

tion), partly from a recent spate of fires, partly from con-

tinued urban development, and partly due to a warming,

drying climate (USFWS 2009a).

Although the decline that led to Quino being listed as

Endangered was overwhelmingly due to habitat destruc-

tion, as evidenced by the association between extinct/

extant status of populations and their proximity to humans

(Preston et al. 2012), Quino is also a climate-sensitive

insect likely to be vulnerable to future climate warming.

The majority of evidence for this climate-sensitivity comes

from other subspecies of Edith’s checkerspot, but we have

no reason to suspect Quino to be immune to the stresses

suffered by conspecifics in other parts of the range. Both

Bay checkerspot and Quino use small, ephemeral annual

Plantago species as one of their principal hosts. Early work

showed severe phenological asynchrony between the Bay

checkerspot (E. e. bayensis) and its Plantago hosts, with

more than 90 % of larvae starving in April/May each year

because the host senesced before the larvae were large

enough to enter summer diapause (Singer 1972; Weiss

et al. 1988). This phenological mismatch between insects

and host existed prior to recent climate warming and is

likely an adaptive response by the insects to a tradeoff
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between adult fecundity and offspring mortality (Singer

and Parmesan 2010).

Whatever its evolutionary cause, the observed insect/

plant phenological mismatch renders E. editha populations

feeding on annual plants vulnerable to year-to-year cli-

matic fluctuations. Any climatic event that advances the

phenology of the plants more than that of the insects

increases larval mortality. The extinction of a small Bay

checkerspot metapopulation in a protected habitat was

ascribed to increased inter-year variability of winter/spring

rainfall (McLaughlin et al. 2002) and several E. editha

populations in the Sierra Nevada were extinguished in a

drought when seeds of their annual host (Collinsia tincto-

ria) failed to germinate (Ehrlich et al. 1980).

Parmesan (1996) recorded presence and absence of E.

editha at sites where her field censuses documented suit-

able habitat, ignoring degraded habitats. Within that set of

suitable sites, the proportion of historically recorded E.

editha populations persisting into the 1990s increased

significantly with both increasing latitude and altitude. This

northward and upward shift in the center of abundance of

the species was consistent with response to the regional

warming that had occurred in the previous decades (see

Discussion). Within the species E. editha, we would expect

populations towards the equatorial range limit, i.e. Quino,

to be particularly vulnerable to future warming. This

expectation has been recognized: according to a study done

by The Center for Biological Diversity (2010), Quino was

one of the first listed species to have the threat of climate

change clearly identified in its species recovery plan (US-

FWS 2003).

Evaluating Quino ecological dynamics in the light

of anthropogenic climate change

Quino’s northernmost current distribution is south of its

historical latitudinal northern range limit, but urban

development in Los Angeles megalopolis currently blocks

natural recolonization of formerly-occupied northern sites

(USFWS 2003). This situation effectively negates any

chance of a natural northward range shift in the subspecies.

However, upward elevational range shifts are possible both

within the traditional range and to the east. Here, we dis-

cuss the evidence that they are already occurring. We

investigate recent trends in Quino’s distribution using

multiple approaches, including geographic analyses,

genetic analyses and behavioral analyses, to determine (1)

the likelihood that a true upward range expansion of Quino

is occurring, and (2) the likelihood that newly discovered

populations represent a shift to a novel host plant species.

We combine this information with projections from species

distribution models to examine the prospects for persis-

tence of Quino into the near- and mid-term future both

within its current range and in potential novel ranges. We

use the results of these projections to consider various

management options that might be utilized.

We update evidence on the question of whether a range

shift is already under way. Prior evidence has been sug-

gestive but difficult to evaluate. During development of the

species Recovery Plan (USFWS 2003), in the early 2000s,

previously undocumented Quino populations were dis-

covered within and to the south of the community of Anza

in Riverside County (Pratt et al. 2001; USFWS 2003, 2008,

2009a, b; Preston et al. 2012). Populations within this area

of apparent range expansion were, on average, at higher

elevations than extant Quino populations within the tradi-

tional range, while the latter were, in turn, at higher mean

elevation than extinct populations in the traditional range

(Preston et al. 2012, their Fig. 3a).

The principal host at the ‘‘new’’ sites, Collinsia con-

color, belonged to a genus well-known as a host of

northern California and Oregon E. editha populations

(Singer 1971; Singer and McBride 2012) but not recorded

as a host of Quino prior to the report by Pratt and Pierce

(2008). Preston et al. (2012), summarizing data available

up to 2009, noted that the apparent upward range shift of

Quino may be real or may simply represent increased

searching for Quino by local lepidopterists since its listing

as Endangered in 1997. They also noted that the higher

mean elevation of extant, compared to extinct populations

within the traditional range of Quino could be accounted

for by an elevational bias in human land use.

Here, we combine behavioural data, molecular data and

new field observations of Quino to tackle two questions left

open in prior work:

1. Is Quino currently expanding its range to higher

elevations in a manner consistent with regional climate

change and not explained by patterns of human land use?

2. Is the use of Collinsia as a principal host longstanding

or relatively novel for Quino?

To begin tackling these questions, we estimate the

temporal and spatial patterns of colonization by analyzing

dates and elevations of ‘‘First Record,’’ with ‘‘First

Record’’ defined as the very first observation made at each

site. We then analyze molecular data to ask whether the

‘‘new’’ Collinsia-feeding Quino populations are genomi-

cally distinct from previously-known Quino populations

feeding on Plantago and Antirrhinum and/or whether they

resemble other populations of E. editha from southern

California known to feed on Collinsia but not classified as

Quino. We present data on oviposition preference and

geotaxis and ask whether Collinsia-feeding Quino possess

the set of evolved adaptations to Collinsia that have been

documented in non-Quino E. editha adapted to this host

genus.
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We summarize recent and expected future trends in

regional climate, and develop a series of species distribu-

tion models aimed at giving a robust estimate of Quino’s

expected distribution into the near- and mid-future in light

of uncertainties both in regional climate change and in

species projections. Finally, we report how the Endangered

Species Act is supporting non-traditional, proactive regu-

lation and adaptive management to protect this endangered

species.

Methods

Distribution records

Quino’s historical distribution extended from about

200 km north of the USA-Mexican border to about 300 km

south of the border, and inland only about 80 km from the

coast. Historically, the highest density of populations was

in what is now the greater San Diego area. The current

latitudinal distribution of Quino has contracted slightly at

both extremes. The northernmost populations have been

destroyed by fire and urbanization, while the southern-most

population had gone extinct by Parmesan’s 1990s census

(Parmesan 1996) and the next most-southern population

that was recently recorded is about 50 km further north (P

Opler, pers. comm.).

Data on the current status of Quino come from several

sources. Historical records used in the initial listing pro-

posal were collected by the US Fish and Wildlife Service

(FWS) from museum collections and private lepidopterists’

collections and recorded diaries. Current status was asses-

sed using data from multiple sources, all of which were

ultimately sent to the FWS. First, annual surveys were

conducted at sentinel sites from 2001 to 2013 under the

auspices of the FWS and their partners, both for routine

status assessment in known populations and for the purpose

of amending or updating recovery planning. Surveyors

were either FWS staff or private consultants experienced in

identification of Quino host plants, Quino habitat charac-

teristics, and Quino itself in all life stages. Second, surveys

were conducted as part of required environmental assess-

ments for urban planning and development applications.

These were done by experienced consultants who were

required to pass a test in identification of Quino and in

distinguishing it from similar species. Third, records were

accepted from experienced amateur lepidopterists. There is

a strong local tradition of lepidopterists exploring new

areas, leading to occasional reports of Quino from sites that

had not been historically recorded as Quino habitat. Some

of these new records have been published in

Lepidopterological newsletters as well as the primary lit-

erature. New reports of Quino (published and unpublished)

are typically verified with high-quality photographs, orga-

nized and maintained by FWS and incorporated into their

GIS database. Finally, records from Baja, Mexico were

obtained from Parmesan (1996), with historical records

having been gathered from museum specimens and current

status gathered through field censuses conducted between

1993 and 1996.

Elevational changes through time

Since we were primarily interested in documenting the

dynamics of the sub-species’ overall distribution, we con-

fined our analyses of elevational range dynamics to the first

record, or the ‘discovery’ date, for each population. Where

individuals were found at explicitly different elevations

within the same population, we used the elevation of the

first individual found. We conducted two types of analysis

to detect long-term changes in elevational distribution: (1)

a correlation analysis to look for overall association

between date of discovery and elevation and (2) an analysis

of three time periods that differed substantially in the

overall level of threat to Quino as well as Quino’s protected

status.

The first discovery of established Quino populations in

the area of apparent range expansion was in 1998 (Pratt

et al. 2001). We split our own First Records of Quino

occurrence at each population into three time periods, as

follows:

• 1890–1997: The historical dataset—prior to listing.

Most of the low-elevation habitats had been destroyed

by 1997.

• 1998–2009: During this time period, we expect

increased geographic coverage and intensity of search

for new populations triggered both by listing of the

species as endangered in 1997 and by Pratt et al’s

(2001) documentation of populations beyond historical

elevational boundaries.

• 2010–2013: This time period contains the newest

discoveries not previously published or included in

any prior analyses. We expect diminution of the effects

of increased searching on first-discoveries of long-

established populations

Within each time period, we calculated the mean ele-

vations of First Records across the entire historic and

current range of Quino. Readers interested in performing

their own analyses of changes in Quino distribution over

time can access the publicly-available database from

USFWS.
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Modeling current and future projected distributions

for Quino

Current and future climatic ranges for E. e. quino were

modeled using a niche modeling approach, also known as a

‘‘species distribution model’’ or ‘‘SDM.’’ We used two

approaches for the SDMs: (1) using only USA sites and (2)

using both USA sites and Mexican sites. The distribution

within the USA that was used to calculate the climate

envelope was generated from its ‘current’ distribution, that

we defined as records of extant populations made between

1990 and 2005. Quino populations in Baja California,

Mexico were also included in a second approach to cal-

culation of currently-occupied climate space, based on sites

reported as extant by Parmesan (1996), plus two sites

reported to us as occupied in the current decade (P. Opler

and G. Pratt, personal communications). Urban areas des-

ignated by the 2010 Census Urban Area layer (US Census

Bureau 2010) were removed for the creation of the models

(i.e. those areas were not used to parameterize the model of

estimated climate space), but not for current or future

projections (i.e. a pixel could be categorized in the output

projection as ‘‘suitable’’ even if it had been designated as

‘‘urban’’).

For the SDMs based solely on USA sites, we obtained

‘‘current’’ climate data from PRISM Climate Group’s 30

arc-second (800 m 9 800 m) grid for the 1971–2000 per-

iod (DiLuzio et al. 2008). This time period matches the

time period of our ‘current’ records. We modeled the

current climate space occupied by Quino and projected it

onto a map to illustrate the area that could potentially have

been occupied, judged from a climate perspective, in

1971–2000. To do this we used four species’ distribution

models: specifically a generalized linear model, general-

ized boosted regression model, random forest model and

multivariate adaptive regression spline model. All were run

in BIOMOD 1.1-7.04 (Thuiller et al. 2009). We chose four

unique combinations of climate variables from among 19

commonly-used bioclimatic variables and four spatial

modeling regions (i.e. backgrounds where 500 pseudo-

absence points were randomly drawn). The choices for

climate variables to include were made via logistic

regression using a rule-based criterion that identified those

variables that were most significantly associated with the

observational records and pseudo-absence data. As an

example, one of the rules used was that variables correlated

by 0.70 or more with each other were placed in different

subsets, such that the final four climate variable sets did not

have variables in common with each other. This process of

selecting and modeling different combinations of climate

variables and pseudo-absence regions resulted in 64 model

outputs, each comprising an estimate of the potential

distribution of Quino, based on climate space, in the period

1971–2000.

PRISM data did not extend into Mexico. Therefore, for

the SDMs derived from current occupancy of both USA

and Mexican sites, we had to use a different climate

dataset—WorldClim (v 1.4, Hijmans et al. 2005)—to

construct the models.

Future climate data were generated from 11 general cir-

culation model and regional climate model (GCM/RCM)

combinations from the North American Regional Climate

Change Assessment Program (NARCAP) suite for the time

period 2041–2070 under the A2 ‘‘business-as-usual’’ sce-

nario (Mearns et al. 2009). GCM/RCM outputs were

downscaled to 30 arc-sec (800 m 9 800 m) using the delta

method (derived from the PRISM dataset) by Seth McGinnis

at the National Center for Atmospheric Research (NCAR).

Overall, this yielded 704 future projections; that is, 704

unique individual possible future scenarios for the expected

distribution of Quino based solely on climate space.

For each projection we calculated the change in esti-

mated Quino distribution by estimating both geographic

similarity and turnover. These two concepts are similar, but

not identical.

1. Geographic similarity. We created a map that shows

both current potential Quino distribution and future

projected Quino distribution, taken from the median of

all 704 future model outputs. For each 800 m2 grid

cell, Quino was categorized as ‘‘present’’ if, for that

pixel, more than 50 % of the model outputs catego-

rized that pixel as ‘‘suitable’’. Hence, the pixel was

marked ‘‘present’’ if there was agreement across

[50 % of outputs. This provided information on both

the total area change between current and future

projections, as well as the geographic placement of

potential suitable habitat in both time periods.

2. Turnover is the percentage of the current range that

will continue to be suitable in the future, calculated for

each model individually. That is, for a given model, its

‘current’ projection is compared to its ‘future’ projec-

tion, and the loss of ‘presence’ pixels calculated. Note

that the highest value that can be obtained is ‘1.0’,

since this metric estimates only loss of current area

occupied, and does not consider any gains of suitable

area outside the current projected distribution.

For the following reasons, results from using USA-only

data are expected to differ from those using both USA and

Mexican data:

1. They are likely to differ not only because the occupied

grid cells may have different climate spaces, but also

because the points sampled as pseudo-absences are
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likely to differ in climate space. Differences in climate

space among pseudo-absences may actually have a

much larger effect than that of known presences,

because Baja California may contain somewhat more

extreme hot/dry climates just outside of the buffer zone

created around presence points than does the LA-San

Diego region.

2. The timespan of the PRISM climate data (1970–2000)

more closely matches the time span of our ‘current’

Quino distribution records (1990–2005) than does the

WorldClim climate data, that goes two decades further

back in time (1950–2000). Thus, the Mexican popu-

lations were characterized with older climate data than

that of the USA populations, and with climate data that

was more temporally distant from current Quino

distribution data.

3. The NARCAP Climate outputs were calibrated with

the PRISM dataset to give the high resolution climate

projections used to project Quino distribution into the

future. Using these outputs with SDMs built with

WorldClim data will yield less reliable distribution

projections than using them with SDMs built with the

PRISM dataset.

The first point, that the two Quino datasets would differ

in the climate information fed into the SDMs and therefore

have different SDM outputs, carries no expectation of one

being better than the other for projecting into the future.

However, the second and third points lead to the conclusion

that using the USA-only data will lead to more reliable

future projections than using the combined USA-Mexican

data. That is, the USA-only Quino data both better matches

the timespan of the climate data and can use climate pro-

jections that have been calibrated to the same climate data

used to build the SDMs. For these reasons, we provide the

results of projected future Quino distribution in the main

text from SDMs built with USA-only data, and results from

using both USA and Mexican data in Online Resources.

Molecular genetics

In our molecular analyses we used ten microsatellite

markers chosen as the most informative from a diversity of

markers generated from P454-pyrosequencing of tran-

scriptome. Details of technique are given in Mikheyev

et al. (2010) and in Mikheyev et al. (2013). We used these

markers to assess genetic similarity (Fst) values within and

between two sets of E. editha populations. The first set

comprised all eight Quino populations from which we have

data, while the second comprised 18 non-quino E. editha

populations recorded as feeding on Collinsia. We used all

26 populations to construct an NMDS plot illustrating the

first two principal components of inter-population genomic

distances. We also used a restricted subset of the data

(listed in Table 1) to make a table of genetic distances (Fst

values). The restricted subset comprised the Collinsia-

feeding populations geographically closest to Quino (south

of Yosemite) and all Quino populations for which we had

sample sizes greater than five individuals: three popula-

tions feeding principally on Plantago (Marron Valley,

Dulzura and Lake Skinner), one population feeding prin-

cipally on Antirrhinum and Plantago (Silverado) and one

(Terwilliger) representing the ‘‘new’’ populations feeding

principally on Collinsia.

Host preference behaviour

We used sequential encounter preference tests (Singer et al.

1992) to estimate oviposition preferences of wild-caught

and lab-raised female Quino. We used as test plants

Plantago erecta from a population used by Quino (Marron

Valley), C. concolor from a population used by Quino

(Barbara Trail) and Collinsia heterophylla from a popula-

tion used by a different subspecies of E. editha (California

Hot Springs). In each preference test, the butterfly was

subjected to staged encounters with each of two hosts, in

alternation, approximately every 20 min. Attempts to ovi-

posit were recorded as acceptances but oviposition was not

permitted until the test was over. By preventing oviposition

we were able to ask the butterflies how long they would

search, accepting only their preferred host, before they

reached the level of motivation at which either host would

be accepted, whichever was next encountered. This time

interval, termed a ‘‘discrimination phase,’’ (Singer et al.

1992) is an heritable trait in E. editha, both within popu-

lations (Singer et al. 1988) and among them (Singer and

Parmesan 1993).

We also made a video of a female Quino from a pop-

ulation feeding on the ‘‘new’’ host, C. concolor, in order to

Table 1 Latitudes, longitudes and elevations of sites for which

pairwise Fst values appear in Table 4; Quino populations in bold,

non-Quino E. editha in plain text

Population name Lat Lon Elevation (m)

Mill Canyon 38.473 -119.51 2,050

Indian Flat 37.65 -119.82 610

Tamarack Ridge 37.156 -119.2 2,300

Yucca Point 36.827 -118.89 1,250

California Hot Springs 36.058 -118.91 955

Walker Pass 35.645 -118.03 1,700

Silverado Ranch 33.73 -117.64 480

Skinner 33.59 -117.06 427

Terwilliger 33.47 -116.623 1,352

Dulzura 32.64 -116.78 391

Marron Valley 32.57 -116.75 311
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show how the host was physically handled as the insect

prepared to oviposit and to compare this behaviour with

that of insects known to be adapted to use the genus

Collinsia.

Use of IPCC terminology to describe likelihoods

Terminology developed for the Intergovernmental Panel on

Climate Change (IPCC) to describe the weight of scientific

evidence for a particular result is useful here, in that it

allows us to combine different types of evidence to draw a

single conclusion as to how strongly the evidence supports

that result. We use the likelihood metric that has been

developed by IPCC ‘‘for communicating the degree of

certainty in key findings, which is based on author teams’

evaluations of underlying scientific understanding…
(Likelihood estimates provide) quantified measures of

uncertainty in a finding expressed probabilistically (based

on statistical analysis of observations or model results, or

expert judgment).’’ (Table 2; Mastrandrea et al. 2010).

Results

Observed population changes over time

Figure 1 shows the locations of Quino populations, colour-

coded by the year of First Record for each population. We

found a significant trend for First Records of Quino to be at

higher and higher elevations over time (Figs. 1, 2). We

analyzed this trend in two ways. First, we found a highly

significant association between the date of First Record and

the elevation at which the individual butterfly comprising

that record was recorded (Fig. 2, r = 0.60, df = 116,

P \ 0.0001). Second, we grouped populations by date first

recorded into three groups: 1890–1997, 1998–2009 and

2010–2013 (see ‘‘Methods’’). We found that populations

first discovered in the three time periods were significantly

Table 2 Definitions of likelihoods from the IPCC guidance docu-

ment on uncertainties for the fifth assessment report

Term Likelihood of the outcome

Virtually certain 99–100 % probability

Very likely 90–100 % probability

Likely 66–100 % probability

About as likely as not 33–66 % probability

Unlikely 0–33 % probability

Very unlikely 0–10 % probability

Exceptionally unlikely 0–1 % probability

Mastrandrea et al. (2010). ‘‘Likelihood… provides calibrated lan-

guage for describing quantified uncertainty. It can be used to express a

probabilistic estimate of the occurrence of a single event or of an

outcome (e.g., a climate parameter, observed trend, or projected

change lying in a given range). Likelihood may be based on statistical

or modeling analyses, elicitation of expert views, or other quantitative

analyses. The categories defined in this table can be considered to

have ‘‘fuzzy’’ boundaries. A statement that an outcome is ‘‘likely’’

means that the probability of this outcome can range from C66 %

(fuzzy boundaries implied) to 100 % probability.’’ (Mastrandrea et al.

2010)

40 km

1890-1998

1999-2009
2010-2013

at each site

Elevations
High
Low

OTAY
MT

MARRON

DULZURA

JACUMBA

TERWILLIGER

SKINNER

SILVERADO

BARBARA
 TRAIL

Fig. 1 Map showing timing of

first observation of Quino

populations relative to

elevation. Higher elevations are

in lighter background colour. A

small number of the northern-

most extinct sites lie outside the

map area. This contrasts with

the map of Preston et al. (2012),

which indicates patterns of

extinctions (showing timing of

last observations), rather than

patterns of colonizations (timing

of first observations)
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different in mean elevation, both overall and in every

paired combination (Table 3; Fig. 2, weighted ANOVA,

df = 2,115, P \ 0.0001 overall, P \ 0.01 for each pair-

wise test by Tukey HSD test). Because sample sizes dif-

fered considerably among groups, we also performed a

Kruskal–Wallis rank test, with the same result (H = 44.04,

df = 2, P \ 0.0001).

We calculated mean elevations of the first adults

recorded at each population. For populations known prior

to 1998, the most recent data used by Pratt et al. (2001), the

mean was 360 m. Mean elevation of first adult sightings at

new locations between 1998 and 2009 was 804 m, and the
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Fig. 2 Scatterplot of elevations of populations against year that

population was first discovered (first recorded). Populations were

placed into one of three groups depending on whether they were first

discovered in the period 1890–1997, 1998–2009, or 2010–2013.

Mean elevation for each grouping is indicated with a red bar.

Elevation and year of first discovery are highly significantly

correlated (r = 0.60, df = 116, P \ 0.0001)

Table 3 Basic statistics for populations grouped by year of first

record

Year population was

first discovered

1890–1997 1998–2009 2010–2013

N 57 49 12

Mean elevation (±SE) 360a ± 41 804b ± 60 1,164c ± 88

Populations were placed into one of three groups depending on

whether they were first discovered in the period 1890–1997,

1998–2009, or 2010–2013. Mean elevation is significantly different

across groups (weighted ANOVA, df = 2,115, P \ 0.0001). Super-

script letters are different if there were significant differences in

pairwise comparison (Tukey’s HSD text, P \ 0.01 in all cases)

0 100 Kilometers

Current Populations

Potential current range

Potential future range

State boundary

Fig. 3 Current and future

projected species distributions

for Quino based on climatic

niche models. Known historical

records are shown with the ‘?’

symbol. Current climate

projections (blue shading) and

future climate projections

(orange shading) represent an

ensemble of all model outputs,

with ‘‘presence’’ indicated by

blue or orange coloring if a grid

cell was estimated as present in

at least 50 % of SDM models

(i.e. anywhere from 50 to 100 %

of model agreement)
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mean elevation of first adult sighting at new locations from

2010 to 2013 was 1,164 m.

Current and future projected changes in Quino

distribution

Figure 3 shows an ensemble projection map for which

there was at least 50 % agreement (and up to 100 %

agreement) across all 704 model outputs of future scenar-

ios. In the Figure, the historic range of Quino completely

loses suitable climate space by the mid-21st century, with

appropriate climate space occurring approximately 400km

north of the historic range. All models for Fig. 3 were built

using current USA populations. The ensemble projection

map built upon both USA and Mexican current records is

shown in Online Resource 1A.

Figure 4 shows the full range of model variability (the

equivalent for the USA ? Mexico models is shown in

Online Resource 1B). The y-axis is the proportion of the

model outputs with a given turnover, plotted against the

proportion of the future projected range that is currently

occupied (i.e. turnover). The red line is the median for all

model outputs. The highest mode is close to zero, indi-

cating that the most frequent projected turnover is effec-

tively total loss of climate space in the historic range. The

median is around 0.30 turnover, meaning that half of the

projections show between 0 and 30 % of the current

potential range (based on climate space) having climati-

cally suitable habitat in the future, and half are more

optimistic.

Molecular genetics

Both Table 4 and Fig. 5 show that the recently discovered

populations of Quino that use C. concolor cluster geneti-

cally with historically-known populations of Quino that use

Plantago sp. and not with non-Quino populations of E.

editha feeding on Collinsia sp.. Within Quino itself, the

‘‘new’’ Collinsia-feeding populations were not genetic

outliers, but fit within the subspecies, clustering close to

Plantago-feeding populations such as Marron Valley and

Dulzura.

Host preference for oviposition

We preference-tested six adult females from two Plantago-

feeding sites (Marron valley and Dulzura) on P. erecta and

C. heterophylla. C. heterophylla is the principal host of E.

editha at a Southern California site, California Hot Springs.

We were able to test on P. erecta and C. concolor two

females from Dulzura and a single female from a ‘‘new’’

population feeding on C. concolor, at Barbara Trail.

Although this type of preference test frequently exposes

strong oviposition preferences (Singer and McBride 2010),

in our trials here, none of the butterflies distinguished

between Collinsia and Plantago.

The video of oviposition on Collinsia parviflora by a

butterfly from a Collinsia-feeding Quino population at

Barbara Trail shows strong positive geotaxis and a large

egg clutch laid as low on the plant as physically possible,

on one of the cotyledons: https://www.youtube.com/

watch?v=c3YpvlSfm-Y.

Discussion

Butterflies are shifting their ranges world-wide

Butterfly ranges are dynamic and capable of rapid response

to changing conditions, helping to place these animals at

the forefront of research on range shifts responding to

changing climate. Meta-analyses of butterfly data typically

show mean range shifts that are substantial and significant,

and greater than for other taxonomic groups. For example,

DeVictor et al. (2012), summarizing results from 2,130

butterfly communities in Europe, estimated a mean north-

ward range shift of 114 km, compared to only 37 km for

birds. There is less known about elevational shifts, but

again butterflies appear to be moving in concert with

regional climate change. For example, Wilson et al. (2007)

estimated that the lower elevational range boundaries of a

butterfly community in central Spain had risen by an

average of 212 m in 30 years, compared to an expectation

of 225 m from the regional temperature rise over the same
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Fig. 4 Smoothed frequency histogram of species range turnover from

704 model outputs. The comparison, as in Fig. 3, is of current versus

future projected species distributions for Quino based on climatic

niche models
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period (1.3 �C). Tropical studies are rarer than temperate,

but a notable exception is Chen et al (2011b), who com-

pared recent range limits of geometrid moths on Mt Ki-

nabalu (Malaysia) with samples taken in 1965. They found

a mean upward shift of the upper and lower boundaries by

83 and 86 m respectively. Closer to our study area, the best

community-level historical records in California are from

the northern part of the state, gathered by Art Shapiro and

colleagues. Like the studies we’ve cited above, these

analyses show upward elevational shifts consistent with

responses to warming climate (Forister and Shapiro 2003;

Forister et al. 2010).

In community-level studies it’s not easy to control for or

eliminate habitat degradation as a cause of changes in

range limits. This problem has been tackled in diverse

ways. Konvicka et al. (2003) implicated climate change

because diverse species with diverse range limits showed

similar elevational range shifts. Wilson et al (2005)

observed that congeners of the range-contracting species

that used the same host plants continued to exist at lower

elevation, below the contracting boundaries. Parmesan

et al. (1999) explicitly excluded species for which habitat

loss in the vicinity of range boundaries risked being a

confounding factor. In single-species studies it’s easier to

deal with habitat change; both Franco et al. (2006) studying

Erebia epiphron in the UK and Scalercio et al. (2014),

studying Erebia cassioides in Italy, felt that they were able

to discount habitat changes as causes of uphill range shifts,

principally because they were in traditionally-managed

montane habitats. Interestingly, E. cassioides shifted its

range relative to treeline, illustrating that, as we would

expect, the butterfly range was more labile than that of the

trees; the proportion of individuals recorded above treeline

rose from 56 % in 1975 to [99 % in 2012.

We argue that Quino currently manifests an elevational

range margin that is expanding under warming regional

climate. Butterflies have already contributed valuable

information about ecological and evolutionary dynamics of

this type of range margin. In particular, poleward expan-

sion of the Brown Argus butterfly in the UK was facilitated

by a host shift in populations at the northern range edge

(Thomas et al 2001). Insects from the expanding part of the

range showed increased homogeneity of oviposition pref-

erence, specializing on a widely-distributed host (Bridle

et al. 2014). This change represented a decrease in local

adaptation to host composition of habitats, accompanied

and presumably caused by an increase in dispersal ability

(Bridle et al 2014). When transplanted back to the
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Fig. 5 NMDS plot showing genetic relationships among populations

of Quino and of non-quino populations that use Collinsia as a

hostplant. Grey dots indicate populations feeding principally on

Plantago, blue dots show Collinsia as the principal host, purple

indicates Antirrhinum. The dashed line separates Quino populations

(below the line) from other Collinsia feeding populations of E. editha

not included in the subspecies E. e. quino (above the line). The stress

value of this plot is 0.3585069

Table 4 Pairwise genetic distances (Fst values) for selected Quino populations and non-Quino E. editha populations feeding on Collinsia spp

Dulzura Marron

Valley

Terwilliger Silverado

Ranch

Lake

Skinner

California

Hot Springs

Indian

Flat

Mill

Canyon

Tamarack

Ridge

Walker

Pass

Yucca

Point

Marron 0.0034 0

Terwilliger 0.0657 0.0454 0

Silverado 0.0396 0.0108 0.0007 0

Skinner 0.1452 0.0717 0.0764 0.0801 0

California Hot Springs 0.1517 0.1648 0.2047 0.1759 0.2447 0

Indian Flat 0.1175 0.1232 0.1262 0.1283 0.135 0.073 0

Mill Canyon 0.082 0.1205 0.1541 0.1411 0.2139 0.077 0.0849 0

Tamarack Ridge 0.1413 0.1267 0.1119 0.1009 0.1272 0.120 0.0202 0.1449 0

WalkerPass 0.181 0.1565 0.1954 0.1712 0.212 0.110 0.0916 0.1499 0.1127 0

Yucca Point 0.1438 0.1416 0.1258 0.1291 0.1464 0.104 0.0079 0.1358 0.0427 0.1051 0

Within-Quino Fst values in bold text; Fst values involving non-Quino populations in plain text
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traditional part of the range in the UK, females from the

range margins showed reduced fitness compared to local

insects, whereas insects gathered within the traditional

range and transplanted to the expanding periphery suffered

no such deficit. The expanding populations had lost some

of their ability to adapt to local conditions (Buckley and

Bridle 2014).

Prior work on range shifts in E. editha and its Quino

subspecies

The intensive study of E. editha by Parmesan (1996, 2003,

2005) showed both elevational and latitudinal shifts, with

the mean location of an extant population occurring 124 m

higher and 92 km further north in the early 1990’s than in

historical records from museums and private collectors

(dating back to 1860). This study controlled for changes in

distribution due to habitat destruction and degradation by

removing degraded sites from the final analyses. Thus,

populations that had been rendered extinct due to direct

human degradation of the habitat were not included; only

sites that remained suitable habitat for E. editha (estimated

from density and quality of potential host plants and nectar

sources) were included, whether or not the butterfly pop-

ulation was currently present or currently extinct. This

analysis across the species range included the Quino sub-

species, but used only 14 Quino populations (8 in Mexico,

6 in the USA). The majority of historical Quino sites were

excluded from the database because they were no longer

suitable habitat, usually as a direct result of late 20th

century urbanization in the Los Angeles-San Diego

corridor.

For these reasons, Parmesan (1996) did not address the

question of whether Quino, as a separate entity from other

subspecies, was shifting its range. This question was first

proposed as a result of the discovery by Pratt et al. (2001)

and Pratt and Pierce (2008) of Quino in the Anza area, to

the east of the traditional range, at higher elevations than

previously-known populations and using hosts (Antirrhi-

num coulterianum and C. concolor) not previously known

to be used by Quino (Figs. 1, 2). Prior to these reports only

a single individual had been reported from this region, in

the mid-1980s (J. Emmel, pers. comm).

Multiple lines of evidence support a recent elevational

range shift, accompanied by a host shift

Support from occurrence records for Quino elevational

expansion

Working across the entire historic and current range of

Quino, we found an overall significant upward trend

through time in elevations of newly-discovered popula-

tions. In a categorical analysis, organizing these same data

into three relevant time periods, we showed that popula-

tions discovered between 2010 and 2013 were 45 % higher

than the mean elevation of those reported between 1998

and 2009, which in turn were nearly double the mean

elevation of populations discovered prior to 1998 (Table 3;

Figs. 1, 2). The 2010–2013 data also show First Records of

Quino at moderate to high elevation in areas of eastern

Riverside County, Southern Riverside County and eastern

San Diego County that are entirely devoid of prior obser-

vations, even for the 1998–2009 period (Fig. 1).

How might we interpret the high mean elevation of first

records in 1998–2009, compared to older records? Part of

the difference stems from the obvious effect of urbaniza-

tion on colonization in low-lying areas, part could result

from expansion of human exploration for Quino following

its listing as endangered in 1997 and part could represent

an elevational range shift by the butterfly. It isn’t feasible

to dissect these causes, all of which lead to the same pre-

diction. In contrast, changes occurring more recently,

within the 2010–2013 period, are more straightforward to

interpret. First, major destruction of low elevation habitats

that precludes new colonizations at low elevation was

essentially complete by 1998. Second, we consider it

unlikely that any increase in exploration for new Quino

populations, triggered by listing in 1997 and by the pub-

lication of Pratt et al. (2001), would continue unabated for

more than a decade. Therefore, we regard the continued

increase in elevation of First Records in 2010–2013,

compared to 1998–2009, plus the recording of Quino in

three new high-elevation areas in 2010–2013, as unlikely to

be artefacts due to altered effort or sampling, but much

more likely to be manifestations of an upwardly colonizing

wavefront, consistent with expectations from regional cli-

mate warming. We consider it very likely ([90 % proba-

bility) that such a true upward range shift is now occurring.

Apparent host shift accompanying elevational shift

The genus Collinsia has long been known to be used by

non-quino subspecies of E. editha (Singer 1971) but, prior

to the report by Pratt and Pierce (2008) was not known as a

host of Quino. The primary host plants historically known

to be used by Quino were annual species in the genus

Plantago, principally P. erecta. Newly discovered popu-

lations of Quino used C. concolor, Antirrhinum coulteria-

num and Plantago patagonica as hosts (Pratt et al. 2001;

Pratt and Pierce 2008). These discoveries prompted further

search, and Pratt (pers. comm.) reports finding several egg/

larval masses on Cordylanthus in Marron valley (San

Diego County), a region where the insect had previously

been thought monophagous on Plantago.
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Collinsia and Antirrhinum are spring annuals that se-

nesce in the California summer, but both are less

ephemeral than the Plantago spp. used by Quino.

Cordylanthus can be even more long-lived than Antir-

rhinum. Occasional use of these less ephemeral hosts in

the traditional range may help explain the persistence of

the butterfly through years when the principal local host,

Plantago, has seemed too scarce and/or has senesced too

quickly to support the insects’ life cycle. Nonetheless,

Plantago is currently the principal host of lower eleva-

tion Quino populations in the ‘‘traditional’’ range, and

the use of Collinsia in the newly- colonized higher

elevation populations may represent a major host shift.

Use of this host mitigates risk to Quino of extinction in

response to near-term anthropogenic climate change,

both because of delayed senescence of Collinsia relative

to Plantago and because Collinsia exists in moderate to

high densities at higher elevations than does Plantago,

allowing Quino to expand further upwards than it could

have done if confined to Plantago habitats.

In the following sections we assess the likelihood that a

recent host-shift towards Collinsia has indeed occurred.

We do so by bringing together independent lines of evi-

dence from genetics and behaviour.

Genetic evidence for frequent host shifts in E. editha

Within the species E. editha, in a study conducted on

40 populations distributed across more than 1,000 km

by 400 km, population genetic differentiation was

strongly and significantly associated with geographic

distance; however, after controlling for this isolation by

distance, there was no residual signal of host-associated

genomic differentiation (Mikheyev et al. 2013). Host

shifts appear to be common in this species. Indeed, E.

editha has twice been directly observed to undertake

evolutionary host shifts in less than ten generations,

each time in response to (non-climatic) anthropogenic

disturbance (Singer et al 1993). Therefore, the capacity

of the subspecies Quino to host-shift should come as no

surprise.

Genetic evidence for coherence of quino populations

In parallel with the larger genetic study cited above, Quino

populations also fail to separate genomically according to

the hosts that they use. More specifically, two ‘‘new’’ high

elevation populations of Quino that used principally Col-

linsia (Terwilliger Valley and Barbara Trail) clustered with

lower-elevation populations of mostly Plantago-feeding

Quino and not with other populations of E. editha feeding

on Collinsia (Table 4, Fig. 5).

Behavioural evidence for recent host shift

We asked whether Collinsia-feeding Quino resembled

other Collinsia-feeding E. editha in host adaptations. The

less specific their adaptations to Collinsia, the less likely it

is that they have a longstanding association with this plant

as a principal host.

Oviposition preference Oviposition preferences of Quino

females for Plantago versus Collinsia have been weak or

absent. In a prior study, seven Quino from Lower Otay

showed weak preferences for P. erecta over Collinsia tin-

ctoria (Singer et al. 1991). In the present work, eight Quino

from Plantago-feeding populations expressed no prefer-

ence between their principal host, P. erecta, and Collinsia

(C. concolor or C. heterophylla). A single female from a C.

concolor-feeding site likewise failed to discriminate

between P. erecta and C. concolor. In contrast, females

from non-Quino Collinsia-feeding populations have shown

strong preferences for their own host genus over Plantago

(Singer 1971; Singer et al. 1991).

Taken together with prior work on oviposition prefer-

ence and dispersal (Hanski and Singer 2001 and refs

therein), these results indicate that non-Quino females

adapted to Collinsia would respond to a habitat containing

only Plantago by emigration rather than by delayed ovi-

position. In contrast, all tested Quino females, in both this

study and the previous one (Singer et al. 1991) would

readily oviposit on either genus. Thus, no evolution of

preference would be necessary for Quino to colonize

Collinsia from Plantago or vice versa.

Geotaxis and clutch size Field experiments have shown

that differences among E. editha populations in egg height

and clutch size represent adaptations to use specific hos-

ts (Singer and McBride 2010; McBride and Singer 2010;

Bennett et al. 2015). Typically, females in Collinsia-feed-

ing populations laid small clutches (4–6 eggs) more than

3 cm from the ground. This behaviour was adaptive: on

Collinsia, larger groups suffered higher larval mortality

and larvae feeding closer to the ground suffered lower-

quality diet (McBride and Singer 2010). Among more than

20 non-Quino Collinsia-feeding populations where we

have found egg clusters in the field, we know only two, at

Walker Pass and Bircham Flat in the eastern Sierra, where

eggs were generally laid low (Bennett et al. 2015). In

contrast, eggs laid by Quino on Plantago in the field have

been in larger clutches than typical of Collinsia-feeding

insects (mean clutch size = 23 eggs, range 11–34, n = 6

clutches) and laid close to the base of the plant with mean

height above the ground around 0.3 cm (Fig. 6; Bennett

et al. 2015). Low oviposition heights are achieved by

means of positive geotaxis (video S1 attached to McBride
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and Singer 2010). In contrast, high oviposition heights

result from females simply laying where they alight (i.e. no

geotaxis—see video at https://www.youtube.com/

watch?v=pXT4qinQ0KM.

We have no quantitative survey of egg-heights among

Collinsia-feeding Quino, but we recorded a video of ovipo-

sition on Collinsia by a female Quino from a Collinsia-

feeding population (Barbara Trail) in the ‘‘new’’ part of the

range: see https://www.youtube.com/watch?v=c3YpvlSfm-

Y. The female Quino in the video had previously shown no

preference between P. erecta and C. concolor, accepting

both hosts readily. The video records her responses to a

structurally similar Collinsia, C. parviflora, a host of E. ed-

itha in the Eastern Sierra Nevada. The butterfly shows strong

positive geotaxis and lays a large egg clutch as low on the

plant as possible, on one of the cotyledons. She also appears

to handle the plant clumsily, digging her ovipositor into the

ground while searching for the base of the plant and almost

losing the plant at one point in the sequence. In sum, the

female appears to treat the Collinsia plant as though it were a

Plantago. This observation complements the molecular evi-

dence in lending credence to the hypothesis that Plantago-

feeding lies in the butterfly’s recent ancestry, although no

Plantago was present in the population (Barbara Trail) at

which the butterfly was caught.

Given the strong documentation (direct observation) of

rapid host shifts in the species E. editha, genetic coher-

ence of the newly discovered populations within the tra-

ditional Quino group, and behavioural evidence that

insects from the ‘‘new’’ populations using Collinisa were

not specifically adapted to use Collinsa, we conclude that

it is at least likely ([66 % probability), and arguably very

likely, that Quino has recently expanded its host range in

concert with its elevational range shift. We make no

implication that evolution of host adaptation was neces-

sary to achieve this host shift; rather the opposite is

implied, that the shift was possible using existing

behavioural plasticity.

Innovative strategy for recovery: adaptive management

in response to a dynamic situation

Regardless of the cause of Quino’s current distribution, it is

clear that, following massive population destruction in its

Fig. 6 Photo of a female E.

editha quino from Dulzura

laying eggs on P. erecta. This

female is from a population

monophagous on P. erecta and

her oviposition behavior (laying

large egg clusters close to the

ground) is identical to other

Plantago-feeding E. editha

populations, and dissimilar

to non-Quino Collinsia-feeding

populations (laying small egg

clusters high on the plant)
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traditional range, Quino is currently surviving at moderate

densities at several sites in areas where no established

populations had previously been recorded. It seems likely

that protection of areas outside the known historical range

(Pratt et al. 2001; USFWS 2008, 2009a, b) are likely to

provide climate refugia from at least near-term climate

change and will be crucial for Quino’s long-term

persistence.

In order to address and anticipate climate change

impacts, recent Critical Habitat designations for Quino

took non-traditional and politically unorthodox steps to

protect habitat where occupancy had not been demon-

strated. In 2009, an approximately 5,617 hectare area was

designated as a critical habitat unit (Unit 7) at elevations

above and north of the town of Anza (USFWS 2009b;

Fig. 7). Unit 7 was described as under-surveyed, likely to

support a larger population than indicated by reported

observations alone, and at the leading edge of an ongoing

upward shift in Quino’s elevation range (USFWS 2009b).

The critical habitat rule (USFWS 2009b) stated ‘‘we expect

loss of lower elevation and lower latitude populations will

continue in this subspecies’ range as incidences of above-

average temperatures, drought conditions, and extreme

weather events continue to increase’’ and that Unit 7 was

designed to connect a recognized core population near

Anza to areas where Quino had been observed higher in

elevation. Unit 7 included areas ‘‘outside the geographical

area presently occupied by the subspecies’’ (USFWS

2009b), highlighting that such proactive measures are fully

within the scope of the existing legal framework of the

Endangered Species Act.

The future of Quino

Observed and future projected trends in climate

across Quino’s range

In Tables 5 and 6, we summarize observed and projected

trends in climate for the southern California region

encompassing Quino’s historic and current distributions.

This information is taken from Working Group I of the

IPCC Fifth Assessment Report (Collins et al. 2013; Hart-

mann et al. 2013; Kirtman et al. 2013). Annual mean

temperature has significantly increased over the 20th c (by

0.8–1.75 �C), and there is strong agreement among climate

models that this trend will continue, with an additional rise

of 0.75–1.0 �C by 2035 and 1.25–4.5 �C into the 22nd

century. The geographical region encompassing Quino’s

range has experienced an increase in frequency of precip-

itation extremes (both heavy rainfall and severe drought),

particularly in the past 30 years (Hartmann et al. 2013).

The projected changes in precipitation are small and vari-

able over the next 30 years, but converge on a wetter

winter and a drier spring by 2200 (Collins et al. 2013;

Kirtman et al. 2013). Quino population dynamics are

strongly determined by the length of time to senescence of

its annual host plants, that in turn is very sensitive to both

the total precipitation as well as the timing of winter and
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Fig. 7 Map of newly-

discovered populations of the

Quino checkerspot butterfly

(Euphydryas editha quino) and

proposed Critical Habitat

units (prior to regulatory

exclusions). Region shown is

along the mid-eastern edge of

the historical species’ range,

largely in Riverside County.

Elevation generally increases as

you move from the west to the

northeast. Pale yellow polygons

are sites known to be occupied

by Quino prior to 2003, orange

polygons are sites discovered

from 2003 to 2012. Green-

striped polygons indicate

proposed 2008 Critical Habitat

units
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spring rainfall events. With winter and spring rainfall

appearing to be moving in opposite directions, we expect

that the impacts of these changes will ultimately depend on

patterns of change in specific rainfall events.

Current and future warming trends, particularly in late

winter and early spring, are expected to speed up host plant

senescence more than larval development, reduce the

window of time for pre-diapause larval feeding, and so

increase pre-diapause larval starvation rates, and increase

probabilities of population extinctions (Weiss et al. 1988;

Hellmann 2002; Singer and Parmesan 2010). Changes in

rainfall may either exacerbate or mitigate these tempera-

ture effects, depending on the exact timing of rainfall

events during crucial life history stages for both the plants

and the butterflies.

Implications of climate projections for conservation

of Quino

Although the median model output shows around 30 % of

current potential range (Fig. 4) to remain suitable, the most

frequent (modal) result shows zero overlap between the

two ranges. The consensus in Fig. 3, in which the future

range is indicated by pixels that were occupied in at least

50 % of outputs, places the future position of Quino’s

climate envelope far to the north of the present range, in the

California coast range between Morro Bay and San Fran-

cisco Bay.

The details of future projected distributions differ

somewhat depending on whether the models were built

upon current records from only the USA (Fig. 3) or from

both the USA and Mexico (Online Resource 1A). How-

ever, both distributions are far to the north of Quino’s

current range, and so these differences do not affect our

principal conclusions.

In common with all projections of future species dis-

tributions, whether process-based or climate envelope-

based, our prediction that Quino’s projected future range

should contain suitable habitat is based on several

assumptions:

1. The recent distribution of Quino reflects its climatic

requirements; we justify this assumption from the

rapidity of climate responses shown by butterfly ranges

in general (deVictor et al. 2012).

2. Quino will not evolve to modify its climate envelope;

we justify this assumption from the fact that the vast

majority of responses to warming climate have been

ecological rather than evolutionary (Parmesan 2006;

but see Bridle et al. 2014 and Buckley and Bridle 2014

for an exception).

3. The predicted climatically-suitable range will contain

ecologically suitable habitat patches (Hill et al. 2002);

we justify this assumption from the ability of Quino to

inhabit diverse habitats and feed on several host

genera. We note that Preston et al. (2008) classified

Quino habitat as scrub and eliminated grassland and

Table 5 Observed trends in climate for the southern California

region containing Quino

Observed Climate Trends Time period of

data set

Increased annual mean temperature:

0.8–1.75 �C*

1901–2012

Decreased mean annual precipitation: 5–10 mm/

decade

1901–2010

4–8 fewer extreme cold nights* 1951–2010

0–4 fewer extreme cold days* 1951–2010

4–8 more hot nights* 1951–2010

0–4 more hot days* 1951–2010

0–5 % increase heavy precipitation events 1951–2010

0–5 % increase daily precipitation intensity 1951–2010

0–5 % increase annual maximum number of

consecutive dry days

1951–2010

Results shown are from the region that encompasses the USA dis-

tribution of Quino as of 2014. Results are from three data sets

(HadCRUT4, MLOST, and GISS; Hartmann et al. 2013). The range

of results across all three data sets are given. Trends that are statis-

tically significant at P \ 0.10 are noted with an asterisk

Table 6 Future climate change projections for the Quino region

Near-term Climate

Projections

(2016–2035)a

Medium Term Climate

Projections

(2081–2100)b

Long-term

Climate

Projections

(2181–2200)b

Increased summer and

winter mean

temperatures:

0.75–1.0 �Cc,*

Increased annual mean

temperature:

1.25–4.5 �Ce,*

Increased annual

mean

temperature:

0.75–8.0 �Ce,*

10 % decrease in

precipitation in each

of 4 seasonsc,?

From 10 % decrease to

10 % increase in

precipitation for

winterd,?

Increased winter

precipitation:

20–40 %d

Decreased spring

precipitation:

20–30 %d

Decreased spring

precipitation:

30–40 %d,*

a Kirtman et al. (2013); b Collins et al. (2013). Results represent the

ensemble mean of the Coupled Model Intercomparison Project Phase

5 (CMIP5) climate model outputs for the Representative Concentra-

tion Pathways (RCPs) c4.5, d8.5, e2.6–8.5. For future projections, data

from Baja, Mexico was insufficient, therefore the GCM results below

refer only the portion of Quino’s range that is in the USA. An asterisk

(*) indicates 90 % of models agree on the sign of change with little

variance among models (i.e. mean projected values deviate from past

(simulated 1986–2005) by at least two standard deviations. A ques-

tion mark (?) indicates large model disagreement (i.e. projected

changes are small compared to variability amongst model outputs)
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forest habitats from their predicted range as unsuitable.

However, in Mexico we have observed Quino popu-

lations in both grassland (Valle de Trinidad) and open

forest (El Condor), so we view Preston et al’s classi-

fication of Quino habitat as overly restrictive and

hence pessimistic.

Although our projections of future Quino distribution

(Fig. 3) are based solely on climatic characteristics, the

general areas in this projection overlap with the current

distributions of unnamed E. editha populations in the

coastal hills north of Morro Bay and of the Bay Checker-

spot, whose principal host is P. erecta, in common with

that of low-elevation Quino. It lies outside our present

scope to ask whether non-Quino ecotypes of E. editha

currently inhabiting the predicted future Quino range are

expected to have moved on by 2050, leaving unoccupied

habitat for Quino to colonize.

Management for Quino into the future: a long-term role

for assisted colonization

The case of the Quino checkerspot is thought-provoking.

Climate change has not been an important cause of its

decline up to the present (Preston et al. 2012), yet its

biology, especially its year-to-year variation in phenolog-

ical asynchrony with its annual hosts (Singer and Parmesan

2010 and refs therein), clearly marks it as climate-sensitive

and vulnerable to expected climate warming. In this cir-

cumstance, should we concentrate on protecting Quino in

its traditional strongholds, in Mexico and nearby sites just

across the border in the USA? Or should we orient con-

servation actions by accepting as our starting point the

apparent shift of the insect’s principal concentration to

higher elevations, and anticipate further shifts in altitude

and latitude with expected further climate warming?

In favour of concentrating conservation efforts in tra-

ditional strongholds, there is evidence that actions to

reverse ecosystem degradation can enhance in situ resil-

ience to climate warming (Parmesan et al. 2013). As an

example, restoration of degraded habitat for Quino in San

Diego county by de-fertilization and creation of vernal

pools has been successful in recreating an entire commu-

nity of endangered species (Mark Dodero, personal com-

munication). However, this restoration was expensive

($1million/acre) and continued intervention will be nec-

essary to counter the malign influence of continued nitro-

gen deposition from atmospheric pollution and related

invasion by exotic plants. Our modelling results indicate

that this approach would involve attempting to maintain the

insect in areas where its climate-space will continue to

deteriorate, such that long-term prospects would be

pessimistic.

In favour of the second approach that’s proactive with

respect to climate change, it has become more and more

clear that butterflies, in general, are highly climate-sensi-

tive organisms and are already responding to regional

anthropogenic warming by range shifts. In areas where

sufficient data exist and greenhouse-gas-driven warming

has occurred, notably in Europe, the type of range shift

documented by Parmesan (1996) for E. editha, with a shift

in the mean location of an extant population, has become

very frequent. DeVictor et al (2012) surveyed 2,130 but-

terfly communities from 1990 to 2007 and found a range

shift of this type averaging 114 km across all communities.

The newly discovered high elevation populations obvi-

ate any need by Quino for short-term assisted colonization.

However, in the medium term, a northward range shift in

the direction of our predicted future range would require

such assistance, at least in crossing the Los Angeles area,

after which the insect may be able to make its way further

north by ‘‘island-hopping’’ between suitable habitat

patches.

Assisted colonization is still controversial in the USA

(Schwartz et al. 2012). However, if it does become an

accepted strategy, butterflies are prime candidates for it.

They are unlikely to damage recipient communities, they

are easy to capture and move, and many species are also

easy to culture (Hoegh-Guldberg et al. 2008). Assisted

colonization has been successfully used in butterflies with

circumstances analogous to those of Quino (Willis et al.

2009) and Quino itself has been successfully cultured

(Miller et al. 2014). A congener, Euphydryas gilletti, was

artificially transported by Paul Ehrlich from Wyoming to

Colorado in 1977 (Holdren and Ehrlich 1981; Boggs et al.

2006) and at last report (McCoy et al. 2014) was persisting

at its site of introduction without spreading to other

apparently suitable areas. While the need for assisted col-

onization is no longer pressing for Quino, our modeling

results suggest that it will eventually be required if we are

to ensure persistence of Quino through the current century.

Conclusions

There is strong agreement amongst conservation biologists

that to minimize loss of biodiversity in the face of rapid

climate change we need to promote climate-smart, land-

scape-level habitat conservation and restoration (Parmesan

and Galbraith 2004; Lawler 2009; Mawdsley et al. 2009;

Heller and Zavaleta 2009; Dawson et al. 2011; Gillson

et al. 2013). The case of the Quino checkerspot, illustrated

here, demonstrates that even species thought to be well-

understood can respond adaptively in ways that surprise

experts. Yet, hand-in-hand with this surprise combination
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of range shift and host shift, analogous to that achieved by

the Brown Argus butterfly in the UK (Bridle et al. 2014), is

the caveat that for Quino to achieve this feat, it required

relatively undeveloped landscape within both its expanding

range and that part of the traditional range that served as a

source for the expansion. Without suitable habitats within

dispersal range, there would have been no pleasant sur-

prise. The surprise also depended on the fact that, unlike

some other ecotypes of the same butterfly species which

have strong host preferences, Quino’s preferences are so

weak as to enable it to colonize a novel host, Collinsia,

without evolving. The result is that butterflies using Col-

linsia appear quite poorly adapted to their host. It is

interesting to observe that this does not prevent them from

developing denser populations on Collinsia than currently

exist on the ‘‘traditional’’ host, Plantago, to which the

insects seem better-adapted. The moral here is that indi-

viduals do not need to be pre-adapted to novel environ-

ments in order to colonize beyond historic range

boundaries; they merely need to survive.

The fundamental conservation message from this

example is that we need to increase connectivity among

habitats and protected areas and increase species’ in situ

resistance and resilience to climate change by improving

the health of populations, species, and ecosystems. We also

show that, while use of species distribution models is

helpful to provide a broad brush-stroke of possible changes

in species’ ranges, such methods harbour large uncertain-

ties and are inadvisable as tools for protecting specific land

parcels. The most robust and safest actions that can be

taken with existing knowledge and tools involve creating

landscapes that provide multiple options for species to

adjust naturally to anthropogenic climate change. For many

species, this translates into increasing protection for

undeveloped lands, particularly adjacent to areas of high

biodiversity, and into arresting or even reversing habitat

degradation to both expand potential natural habitat and

provide corridors for passive migration between natural

habitats.

For Quino, a low-key approach to conservation in the

near-term (next 10–15 years) is likely to be effective. An

upward range shift has already been encouraged by adding

protection to areas into which the butterfly is expanding on

its own. However, projected distributions indicate that,

even in the medium-term (next 40 years) Quino will likely

lose all suitable climate space in the region of its current

distribution. For long-term persistence of Quino, conser-

vation managers will again need to consider assisted col-

onization. We expect that many species will benefit from

adaptive management that embraces this type of stepping-

stone approach to conservation in a time of rapid climate

change, where attention to real-time dynamics can reduce

current uncertainty in model projections by informing

managers as to which future (projected) pathway appears to

be most appropriate for their species.
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