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The relative contributions of phenotypic plasticity and adaptive evolution to
the responses of species to recent and future climate change are poorly understood. We combine recent (1960–2010) climate and phenotypic data with
microclimate, heat balance, demographic and evolutionary models to address
this issue for a montane butterfly, Colias eriphyle, along an elevational gradient.
Our focal phenotype, wing solar absorptivity, responds plastically to developmental (pupal) temperatures and plays a central role in thermoregulatory
adaptation in adults. Here, we show that both the phenotypic and adaptive
consequences of plasticity vary with elevation. Seasonal changes in weather
generate seasonal variation in phenotypic selection on mean and plasticity
of absorptivity, especially at lower elevations. In response to climate change
in the past 60 years, our models predict evolutionary declines in mean absorptivity (but little change in plasticity) at high elevations, and evolutionary
increases in plasticity (but little change in mean) at low elevation. The importance of plasticity depends on the magnitude of seasonal variation in climate
relative to interannual variation. Our results suggest that selection and evolution of both trait means and plasticity can contribute to adaptive response
to climate change in this system. They also illustrate how plasticity can facilitate rather than retard adaptive evolutionary responses to directional climate
change in seasonal environments.

1. Introduction
Organisms have responded to recent and ongoing climate change through
both phenotypic plasticity [1–3] and evolution [3,4]. However, the interaction
between plasticity and evolution in determining adaptive responses of
populations to climate change is unclear. Few studies have documented evolutionary changes in plasticity itself in response to climate change [5], but
such changes seem likely given that climate change may increase environmental
variability and generate novel climatic conditions [6].
Theoretical models predict that plasticity can slow adaptive evolution in
response to sustained, directional environmental change by weakening selection,
but that plasticity can enable population persistence and maintain genetic
variance [2,7,8]. Alternatively, plasticity can enhance evolutionary responses in
novel or fluctuating environments [9–11]. Empirical studies show that populations from more variable environments tend to be more plastic and to
respond more rapidly to environmental change during experimental evolution
[12]. In many organisms, plasticity is induced by environmental cues that influence subsequent trait development and phenotypic expression [13], and the
evolution of adaptive plasticity will depend on the predictability of the environment across development [14,15]. As a result, patterns of environmental variation
both within and between generations are important in determining how plasticity
and its evolution will affect responses to environmental change [9–11].
Here, we leverage field and laboratory data with models [16,17] that link
phenotypes to fitness as a function of the environment to investigate the interplay
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We first summarize and then detail our integration of microclimate, biophysical, demographic and evolutionary models to
predict fitness as a function of thermoregulatory trait values
and climatic data for 1960–2010 (figure 1). Details for each of
the models are provided in the electronic supplementary material.
Our approach follows Kingsolver & Buckley [17], but additionally
incorporates both phenological shifts in seasonal timing, and
developmental plasticity in adult traits. A microclimate model
translates environmental data into temperature at plant height.
We use laboratory-based estimates of developmental rate to predict average larval, pupal and adult phenology across the study
period and the temperatures developmental stages experience
each year. The focal trait, wing absorptivity, is influenced by
microclimate due to the plastic effects of developmental (pupal)
temperatures. We use a steady-state heat flux model for Colias
adults [25] to predict thoracic body temperature and adult
performance. We use a demographic model to relate adult
performance to fitness, which we use to model evolution.

(a) Microclimate
Our high elevation site (3.0 km, 40.03 N, 105.55 W) is C1 of the
Niwot Ridge LTER (http://niwot.colorado.edu) [26]. We also
examined two National Weather Service Cooperative (COOP)
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Figure 1. Flow diagram for the modelling framework. Climate and weather
at each elevation determine the microclimatic conditions experienced by
larvae, pupae and adults at each site. Microclimate determines developmental
rates of larvae and pupae, which determine phenology. The focal trait, wing
melanin, is initially determined by elevation differences among sites, and is
also influenced by microclimate due to the plastic effects of developmental
temperatures. We model how wing melanin influences heat balance and
performance in given microclimates and then use performance to estimate
fitness. Fitness differences among individuals exhibiting variation in wing
melanin can generate selection and cause evolutionary changes in the
mean and plasticity of wing melanin in the next generation.
Program sites: Cochetopa Creek (2.4 km, station 51713, 38.43 N,
106.75 W) and Montrose No. 2 (1.8 km, station 55722, 38.48 N,
107.88 W). Air temperatures at these sites differ in overall
means, seasonal patterns and interannual variation in temperature
(electronic supplementary material, figure S1). We estimated air
temperatures (Ta) at 10 min intervals based on daily maximum
and minimum temperatures from each site using a diurnal temperature variation function incorporating sine and exponential
components [27]. Global horizontal solar radiation at the surface
was calculated as a function of elevation, latitude and longitude,
and the global extraterrestrial radiation [28]. Total radiation was
then partitioned into direct and diffuse components as a function
of the atmospheric transmissivity t (¼ratio of global horizontal
solar radiation at surface and calculated global extraterrestrial
(top of atmosphere) horizontal solar radiation). Distributions of t
were estimated hourly using several years of data from the
NREL Solar Radiation Research Laboratory Baseline Measurement
System in Golden, Colorado (1829 m, 39.74 N, 105.18 W, http://
www.nrel.gov/midc/srrl_bms/). We used kernel density estimation to simulate a t value for each time interval. Solar
radiation was partitioned using an empirical relationship by Erb
et al. [29], as modified for high-altitude sites in Colorado [30].
We implemented a microclimate model [31 – 33] using finitedifference methods to solve heat balance equations describing
soil temperatures at the surface and specified depths [17,34];
predicted surface temperature is then used to compute air temperature profiles above the surface. We scaled microclimate
variables to plant height by estimating temperature and windspeed profiles [28] using data collected at heights spanning
0.05– 1.5 m during 2 – 14 July 2012 at the subalpine site (see the
electronic supplementary material). Based on weather station
data from July 2011 at this site, the mean windspeed at 0.5 m
height was 0.4 m s21.

(b) Developmental rates and phenological timing
We assumed that larvae diapausing over the winter as third
instars could resume development once snow melted and
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between evolution and plasticity along realistic environmental
clines. We ask: how does seasonal and inter-annual environmental variation influence the relative importance of
phenotypic evolution and plasticity in adapting to climatic gradients and climate change? We focus on a butterfly species that
has multiple generations per year, allowing us to parse selection
in response to seasonal and inter-annual environmental variation, which vary along elevation gradients. Developmental
plasticity enables phenotypes to respond to temperature seasonality [18] and can reduce differences in selection among
generations, but theoretical models rarely include seasonality.
We investigate the hypothesis that phenotypic plasticity and
its evolution will contribute importantly to population
responses to climate change in more seasonal environments.
The wing solar absorptivity of Colias eriphyle butterflies in
the western USA exhibits adaptation to local climatic conditions along elevational and latitudinal gradients [19,20].
Wing absorptivity also responds plastically to developmental
( pupal) temperatures [21], generating different wing phenotypes among seasonal generations [18,22]. Increasing wing
absorptivity (due to a greater proportion of melanic wing
scales [23,24]) can increase body temperature, flight time and
reproductive success, but overheating reduces activity and
egg viability [16,17]. Laboratory experiments with C. eriphyle
show that mean wing absorptivity declines linearly with
increasing temperatures during pupal development [21],
so we can represent wing absorptivity of an individual (quantified as the solar absorptivity of the posterior ventral
hindwing, a) in terms of two traits: a20, the mid-point absorptivity at a mean pupal temperature of 208C; and B, the slope of
the reaction norm relating pupal temperature and wing
absorptivity a. We combine climate data for three sites in Colorado (at 1.8, 2.4 and 3.0 km, approx. spanning the species’
elevation range of 1.4–3.0 km) with microclimate, heat balance, demographic and quantitative genetic models to
predict plastic and evolutionary changes in absorptivity
across seasonal generations at each site from 1960 to 2010.
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We used a biophysical model to predict butterfly body temperature as a function of thermoregulatory traits [17]. Because Colias
populations and species (including C. eriphyle) are adapted to
local climate through differences in solar absorptivity (a) of the
posterior ventral hindwings [20,24,25], our analyses here focus
on variation, plasticity and evolution of this trait. Wing solar
absorptivity (i.e. the fraction of incident solar radiative energy
that is absorbed by the wing surface) is determined by the relative
proportions of pteridine (yellow or orange) and melanic (black)
scales and thus spans possible values of 0.4 (all pteridine scales)
to 0.7 (all melanic scales) [25]. Two other morphological traits
also influence the heat balance and body temperature of a butterfly: the length of setae on the thorax (fur thickness), and diameter
of the thorax. We used a fur thickness of 0.82 mm and thorax
diameter of 3.6 mm in our analyses, based on measurements for
C. eriphyle at several sites in Colorado [20,25].
Wing absorptivity in C. eriphyle is also phenotypically plastic:
increasing temperature during pupal development decreases
wing absorptivity [21,35]. We used the initial mean starting
value a20 ¼ 0.4226 þ 0.06517  E, where E ¼ elevation in kilometres [25]. We estimated the mean reaction norm slope as
B ¼ 20.0838C21, based on data for C. eriphyle males at our low
elevation site [35]. In the absence of other information, we
assumed that the slope does not vary with elevation, though
we allow this value to evolve in our analyses (see below).
We used a steady-state heat flux model for Colias adults that was
developed and field validated by Kingsolver [25] to predict thoracic
body temperature (Tb) based on thermoregulatory traits (body size,
basal ventral hind wing solar absorptivity and thoracic fur thickness), behavioural posture (basking and heat-avoidance) and
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Figure 2. Predicted seasonal phenology and pupal temperatures across years.
Climate and weather differences along the elevation gradient ((a) 3.0, (b) 2.4
and (c) 1.8 km) determine the Julian date of appearance for adults (left) and
annual mean pupal temperatures (right, Tpupal, in 8C) during the first (blue),
second (orange) and third (red) generations (gen).

environmental conditions [16]. The model successfully predicts
patterns of Tb, flight activity time and heat-avoidance in the field
for C. eriphyle and other Colias species along an elevational gradient
in Colorado [25,40]. Predictions of Tb are updated every 10 min.
Adults behaviourally thermoregulate to achieve the body temperatures needed for flight, and do not use endogenous heat production
to elevate body temperatures [24]. We assumed that butterflies
select the body temperature closest to their thermal optima (358C)
with available body temperatures bracketed by those in full sun (lateral basking posture with wings closed and the ventral hindwing
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temperatures were permissive. We estimated snow-melt as Julian
date, J ¼ 20 at 1.8 km and J ¼ 105 at 2.4 km (both 1961 – 1990
averages of data from the Western Regional Climate Center,
http://www.wrcc.dri.edu/) and J ¼ 141 at 3.0 km (averages of
1960 – 2010 data available from the Niwot Ridge LTER).
We used laboratory data [35,36] to characterize the reaction
norm for development rate D with two parameters: the developmental zero temperature (D0) below which no development
occurs (i.e. D ¼ 0); and the accumulated degree-days (G) above
D0 needed to complete development. For our models we used
three different sets of values of D0 and G based on recent data
[35,36]: for post-diapause (fourth and fifth instar) larval development (D0 ¼ 9.228C and G ¼ 117.068C d); for pupal development
(D0 ¼ 9.78C and G ¼ 101.98C d); and for the entire period of
(non-diapause) larval development (D0 ¼ 11.58C and G ¼
270.398C d). Studies with two populations of C. eriphyle from
different elevations yielded similar estimates [35], so we assumed
that D0 and G do not change with elevation in our model.
Because Colias larvae and pupae typically occur on the shady
undersides of leaves on the host plant, we assumed that larval
and pupal temperatures were equal to air temperatures in the
sun at plant height (1.8 km ¼ 50 cm; 2.4 and 3.0 km: 20 cm; see
the electronic supplementary material). We used a single sine
wave approximation with data for daily maxima and minima
temperatures for each site to calculate accumulated degree-days
(G). For the overwintering generation, we estimated when
larval development resumes as well as the onset and completion
of pupation. For subsequent generations, we assumed a duration
of 7 days from adult emergence to egg laying, and five additional
days until larvae hatch [36]. Field observations indicate (and our
simulations correctly predict) that two generations are completed
before overwintering each year at 3.0 km, three generations
at 2.4 km and four (sometimes more) generations at 1.8 km
[37 – 39]. For comparative purposes we modelled two generations
each year at 3.0 km and three generations at the other two sites.
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Figure 3. Predicted directional selection and mean absorptivity across years. We depict the directional selection gradient (b) on absorptivity (wing melanin, a,c,e)
and mean absorptivity (b,d,f ) across elevations as a function of year for each generation.

surfaces oriented perpendicular to the sun) and full shade (no direct
radiation) [24,41].
We estimated fitness (l, net reproductive rate) as the product
of survival and the fitness-limiting process of egg deposition on
host plants [17] (see the electronic supplementary material). We
simulated fitness for 500 females per generation. We simulated
a date of adult emergence for each individual using a normal distribution with a standard deviation of 2 days, truncated 7 days
before and after our estimated date of adult emergence for the
year and generation [37 – 39]. We calculated daily egg production
for each female as the product of available flight time (where 50%
of available flight time is spent ovipositing: [42]) and the rate of
oviposition (0.73 eggs/min, as estimated for Colorado Colias
[43]). We estimated the probability of flight for thermoregulating
adults as a function of body temperature, Tb: Pflight ¼ exp(20.5 
(abs(Tb 2 33.5))/5)3.5) (based on field flight data for C. eriphyle in
Montrose [25]). We multiplied daily egg production by the average of hourly egg viability estimates. Exposing Colias adults to
even short intervals of deleteriously high body temperatures
(greater than 408C) reduces egg viability [44]. We modelled
egg viability as an exponentially decaying function of body
temperature from 1 at 408C to 0.75 at 508C [16,17]. We estimated
l by summing over days to either a duration of 5 days, reflecting
the mean adult lifespan in the field [38,39] or reaching a maximum lifetime egg production of 700 [45] as the product of
survival to maturity, daily survival and egg production

rspb.royalsocietypublishing.org

3 3.0 km

(averaged across the 500 females; see the electronic supplementary
material for details).

(d) Evolution
Once we estimated the fitness l of an individual Colias as a
function of climate variables and solar absorptivity (a), we
used a simple quantitative genetic model to predict selection
and evolution of a20 and B. We used estimates of the phenotypic
standard deviation of a for C. eriphyle in 1980 (0.062) [25].
Ellers & Boggs [19] used parent– offspring breeding experiments
to estimate the narrow-sense heritability h 2 of wing melanin for
C. eriphyle, yielding h 2 ¼ 0.43 for males and 0.36 for females [19];
we use a h 2-value of 0.40 for a20 in our simulations. We used
data for full-sib families of C. eriphyle from a middle elevation population to estimate the phenotypic standard deviation of B as 0.083
[35]. In the absence of information about heritability of B or about
the phenotypic or genetic covariance between a20 and B, we
assumed that h 2 ¼ 0.4 for B and that a20 and B are uncorrelated.
We also assumed that selection is sufficiently weak so that the heritabilities and phenotypic and genetic variances do not change with
time [7]. Additional simulations (not shown) suggested that the
precise values of h 2 or phenotypic variances have little effect on
our qualitative results. Because common garden experiments
with C. eriphyle show that populations from higher elevations
have greater wing absorptivity, we allowed mean absorptivity to

Downloaded from http://rspb.royalsocietypublishing.org/ on August 23, 2017

0.7

(b)
with plasticity

3.0 km

0.6

0.6

0.5

0.5

0.4

absorptivity

20

25

30
(d)

2.4 km

0.6

0.5

0.5

0.4

0.4
20

25

30
(f)

0.7

1.8 km

0.6

0.5

0.5

0.4

0.4
15
20
25
pupal temperature (°C)
year
1960

30

1970

1980

20

25

30

10

15

20

25

30

10

15
20
25
pupal temperature (°C)

30

0.7

0.6

10

15

0.7

0.6

15

10

1990

2000

Figure 4. Plasticity facilitates evolution. The annual mean reaction norms (absorptivity as a function of mean pupal temperature) evolve differently over time (red to
purple: 1960 – 2009) along the elevation gradient. Comparing mean absorptivity in the absence of plasticity reveals that plasticity facilitates evolution at the low and
high elevation sites (b,d,f ).

differ among the three sites at the start of the simulation (see the
electronic supplementary material). Finally, we assumed no gene
flow among populations. We estimated the (unstandardized)
directional selection gradients b for both a20 and B, and used the
heritability h 2 to predict the evolutionary responses to selection
in the next generation [46].
We incorporated empirically estimated error or variability in
several components of our models as described above. We
account for trait variability by simulating individual butterflies
with traits derived from a distribution based on empirical trait
means and variability. We account for variability in development
and emergence time by selecting from a phenological distribution centred on mean dates. We account for environmental
variability by simulating radiation from a distribution across
each time period. We also examined the sensitivity of our
evolution models to heritability and phenotypic variance.

3. Results
As elevation increases, the predicted date of the first adult
flight season and number of flight seasons decline (figure 2).
Mean temperatures during the pupal stage are generally low
during the first generation at all sites, but subsequent seasonal
generations experience much higher mean pupal temperatures
at lower elevations. As a result, the predicted range of seasonal

variation in pupal (and adult) temperatures decreases with
increasing elevation (figure 2).
This elevational pattern has important consequences for
seasonal patterns of wing absorptivity, selection and evolution. Developmental plasticity causes mean absorptivity to
differ more among seasonal generations at lower than at
higher elevation (figure 3). The predicted patterns of directional selection on absorptivity from 1960 to 2010 also vary
with elevation. At the high (3.0 km) site (figure 3a,b), there
has been positive selection (favouring increased absorptivity)
during the first seasonal generation in most years from 1960
to 1985. Subsequently, the direction of selection has fluctuated
about zero in both generations. By contrast at the low (1.8 km)
site (figure 3e,f), there has been positive selection in the first
generation and negative selection in the second and third
generations in most years throughout the time period.
Historical shifts in wing absorptivity will reflect both
changes in environmental temperatures (affecting phenotypic expression of plasticity) and evolutionary changes in
mean and plasticity of absorptivity (figure 3). At the high
site, predicted mean absorptivity in each generation
declines over time, while the differences between generations remain similar. The predicted historical pattern at
the low site is quite different: mean absorptivity increases
with time in the first generation, but decreases with time
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Our model results suggest that the contributions of plasticity
and evolution to adaptation to climate change vary systematically along climatic (including elevation) gradients. At lower
sites with longer growing seasons and the potential for
more generations per year, recent and future climate change
expands the seasonal range of environmental temperatures,
and selects for greater developmental plasticity [12,14]. At
higher sites with shorter growing seasons and fewer generations per year, the smaller seasonal range of environmental
temperatures reduces the adaptive significance of plasticity,
and climate warming selects for reductions in mean absorptivity. As shown by previous analyses of C. meadii in alpine
and subalpine sites, stochastic environmental variation
among years also reduces the evolutionary response of wing
absorptivity to climate warming at higher elevations [17].
The importance of plasticity can be quantified by eliminating developmental plasticity from the model but allowing
evolutionary responses in mean absorptivity (fixing B ¼ 0).
In the absence of plasticity, climate change results in little evolutionary change in a20 at the low and high sites, and a decline
in a20 over time at the middle (2.4 km) site (figure 3b,d,f).
Without plasticity, there is strong positive selection in the
first generation and negative selection in later generations,
resulting in little cumulative evolutionary change in mean
absorptivity over time (at least at the low and high sites).
Recent empirical studies from one C. eriphyle population
(2.4 km elevation) failed to detect changes in either mean
absorptivity (a20) or reaction norm slope between 1972 and
2012 [35,47], in contrast to our model predictions (figure 3c,d).
Our models assume that a20 and slope are genetically uncorrelated [48], as we lack empirical data for the covariance between
these traits in Colias. Negative genetic correlations between a20
and slope would slow the rate of evolutionary change of these
traits in response to climate warming [49]. Gene flow between
populations along the elevational gradient could also retard
evolutionary changes [50], and a recent genetic analysis of

Data accessibility. Data are available from the Dryad Digital Repository
(http://dx.doi.org/10.5061/dryad.72mr1) [52].

Authors’ contributions. J.G.K. and L.B.B. designed the study, built the
model, performed the analyses and wrote the paper.

Funding. This work was supported by the National Science Foundation
(DEB-1120062 to the authors). J.G.K. was supported in part by a Senior
Faculty Research and Study Leave from the UNC Provost’s Office.

Competing interests. We declare we have no competing interests.
Acknowledgements. We thank J. Higgins, R. Huey, H. Maclean,
H. A. Woods and two anonymous reviewers for suggestions on
previous versions of the manuscript, and the Whiteley Center for
providing the ideal setting for working on this project.

References
1.

2.

Parmesan C. 2006 Ecological and evolutionary
responses to recent climate change. Annu. Rev. Ecol.
Evol. Syst. 37, 637–669. (doi:10.1146/annurev.
ecolsys.37.091305.110100)
Chevin L, Lande R, Mace GM. 2010 Adaptation,
plasticity, and extinction in a changing
environment: towards a predictive theory.
PLoS Biol. 8, 357– 365. (doi:10.1371/journal.
pbio.1000357)

3.

4.

5.

Merila J, Hendry AP. 2014 Climate change,
adaptation, and phenotypic plasticity: the problem
and the evidence. Evol. Appl. 7, 1 –14. (doi:10.
1111/eva.12137)
Hendry AP. 2016 Key questions on the role of
phenotypic plasticity in eco-evolutionary dynamics.
J. Hered. 2016, 25–41. (doi:10.1093/jhered/esv060)
Higgins JK, MacLean HJ, Buckley LB, Kingsolver JG.
2014 Geographic differences and microevolutionary

6.

7.

changes in thermal sensitivity of butterfly larvae
in response to climate. Funct. Ecol. 28, 982 –989.
(doi:10.1111/1365-2435.12218)
Williams JW, Jackson ST, Kutzbach JE. 2007
Projected distributions of novel and disappearing
climates by 2100 AD. Proc. Natl Acad. Sci. USA 104,
5738– 5742. (doi:10.1073/pnas.0606292104)
Lynch M, Lande R. 1993 Evolution and extinction
in response to environmental change. In Biotic

6

Proc. R. Soc. B 284: 20170386

4. Discussion

low and mid-elevation C. eriphyle populations in western
Colorado suggests relatively low levels of genetic differentiation
(HJ MacLean, JK Higgins, GA Ragland 2016, unpublished
results). Further empirical data are needed to incorporate
these factors into our model predictions.
Our results highlight an important consequence of plasticity for adaptive responses to directional environmental
change. In contrast to theoretical predictions [2,7], we find
that developmental plasticity facilitates rather than retards
evolutionary responses to directional climate change, by allowing adaptation to changing seasonal patterns of environmental
variation [9,12]. This highlights the importance of incorporating realistic patterns of intra- and interannual environmental
variation in modelling responses to directional environmental
change [4,51]. Our results most directly apply to organisms
with multiple annual generations in seasonal environments,
but they are broadly relevant to the implications of plasticity
for selection and evolution in temporally varying environments. For organisms that are only active during part of the
year, considering realistic seasonality is essential to understanding the role of plasticity. We demonstrate how plastic
responses to environmental cues in temporally variable
environments can facilitate evolution by reducing temporal
fluctuations in the direction of selection.
Our model results also illustrate that the contributions of
developmental plasticity for adaptive responses to climate
change are greater at lower elevations in seasonal environments.
More generally, we predict that evolutionary changes in plasticity will be particularly important when climate change
expands the seasonal range of environmental conditions, a pattern that is likely in many regions [1]. Our findings for elevation
can be generalized geographically by considering latitudinal
gradients in seasonality. Although seasonality increases with
latitude, the length of the active growing season (and for
many ectotherms, the number of generations per year) declines.
As a result, realized seasonality and the evolutionary consequences of plasticity for climate change may be greatest at
intermediate latitudes.

rspb.royalsocietypublishing.org

in the third generation. As a result, seasonal differences in
absorptivity increase with time at low but not high elevation
sites (figure 3).
These patterns can be understood in terms of predicted
evolutionary changes in reaction norms, characterized by
midpoint absorptivity (a20) and the slope (B, figure 4). At
the high site, a20 declines substantially over time, with a
slight decrease in B; at the low site, there is little change in
a20, but B becomes increasingly negative (steeper) over time
(figure 4a,c,e).

Downloaded from http://rspb.royalsocietypublishing.org/ on August 23, 2017

9.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

38. Watt WB, Chew FS, Snyder LRG, Watt AG,
Rothschild DE. 1977 Population structure of pierid
butterflies. I. Numbers and movements of some
montane Colias species. Oecologia 27, 1–22.
(doi:10.1007/BF00345682)
39. Watt WB, Han D, Tabashnik BE. 1979 Population
structure of pierid butterflies II. A native population
of Colias philodice eriphyle in Colorado. Oecologia
44, 44 – 52. (doi:10.1007/BF00346396)
40. Kingsolver JG, Watt WB. 1984 Mechanistic
constraints and optimality models:
thermoregulatory strategies in Colias butterflies.
Ecology 65, 1835– 1839. (doi:10.2307/1937780)
41. MacLean HJ, Higgins JK, Buckley BA, Kingsolver JG.
2016 Morphological and physiological determinants
of local adapation to climate in Rocky Mountain
butterflies. Conserv. Physiol. 4, 35 –44. (doi:10.
1093/conphys/cow035)
42. Kingsolver JG. 1983 Ecological significance of flight
activity in Colias butterflies: implications for
reproductive strategy and population structure.
Ecology 64, 546–551. (doi:10.2307/1939974)
43. Stanton ML. 1984 Short-term learning and the
searching accuracy of egg-laying butterflies.
Anim. Behav. 32, 33 –40. (doi:10.1016/S00033472(84)80321-8)
44. Kingsolver JG, Watt WB. 1983 Thermoregulatory
strategies in Colias butterflies: thermal stress and
the limits to adaptation in temporally varying
environments. Am. Nat. 121, 32 –55. (doi:10.1086/
284038)
45. Kingsolver JG. 1981 Thermoregulatory strategies
of Colias butterflies: adaptation in variable
environments. Palo Alto, CA: Stanford University.
46. Lande R, Arnold SJ. 1983 The measurement of
selection on correlated characters. Evolution 37,
1210– 1226. (doi:10.1111/j.1558-5646.1983.
tb00236.x)
47. MacLean HJ. 2015 Adaptation to climate and climate
change in rocky mountain butterflies: morphology,
physiology and behavior. Chapel Hill, NC: University
of North Carolina.
48. Scheiner SM, Lyman RF. 1991 The genetics of
phenotypic plasticity II. Response to selection.
J. Evol. Biol. 4, 23 –50. (doi:10.1046/j.1420-9101.
1991.4010023.x)
49. Via S, Lande R. 1985 Genotype–environment
interaction and the evolution of phenotypic
plasticity. Evolution 39, 505– 522. (doi:10.1111/j.
1558-5646.1985.tb00391.x)
50. Kirkpatrick M, Barton NH. 1997 Evolution of a
species’ range. Am. Nat. 150, 1–23. (doi:10.1086/
286054)
51. Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank
T, Schlichting CD, Moczek AP. 2010 Phenotypic
plasticity’s impacts on diversification and speciation.
Trends. Ecol. Evol. 25, 459– 467. (doi:10.1016/j.tree.
2010.05.006)
52. Kingsolver JG, Buckley LB. 2017 Data from:
Evolution of plasticity and adaptive responses to
climate change along climate gradients. Dryad
Digital Repository. (doi:10.5061/dryad.72mr1)

7

Proc. R. Soc. B 284: 20170386

10.

23. Nijhout HF. 1985 The developmental physiology of
color patterns in Lepidoptera. Adv. Insect Physiol. 18,
181–247. (doi:10.1016/S0065-2806(08)60041-7)
24. Watt WB. 1968 Adaptive significance of pigment
polymorphisms in Colias butterflies. I. Variation of
melanin pigment in relation to thermoregulation.
Evolution 22, 437 –458. (doi:10.1111/j.1558-5646.
1968.tb03985.x)
25. Kingsolver JG. 1983 Thermoregulation and flight
in Colias butterflies: elevational patterns and
mechanistic limitations. Ecology 64, 534 –545.
(doi:10.2307/1939973)
26. McGuire CR, Nufio CR, Bowers MD, Guralnick RP.
2012 Elevation-dependent temperature trends in
the rocky mountain front range: changes over a 56and 20-year record. PLoS ONE 7, e44370. (doi:10.
1371/journal.pone.0044370)
27. Parton WJ, Logan JA. 1981 A model for diurnal
variation in soil and air temperature. Agric.
Meteorol. 23, 205– 216. (doi:10.1016/00021571(81)90105-9)
28. Campbell GS, Norman JM. 1998 An introduction to
environmental biophysics. New York, NY: Springer
Science.
29. Erbs DG, Klein SA, Duffie JA. 1982 Estimation of the
diffuse radiation fraction for hourly, daily and
monthly-average global radiation. Solar Energy 28,
293 –302. (doi:10.1016/0038-092X(82)90302-4)
30. Olyphant GA. 1984 Insolation topoclimates and
potential ablation in alpine snow accumulation
basins: Front Range, Colorado. Water. Resour. Res.
20, 491– 498. (doi:10.1029/WR020i004p00491)
31. Porter WP, Mitchell JW, Beckman WA, DeWitt CB.
1973 Behavioral implications of mechanistic ecology.
Thermal and behavioral modeling of desert
ecotherms and their microenvironment. Oecologia
13, 1 –54. (doi:10.1007/BF00379617)
32. Porter WP, James FC. 1979 Behavioral implications
of mechanistic ecology II: the African rainbow lizard,
Agama agama. Copeia 4, 594–619. (doi:10.2307/
1443867)
33. Mitchell J, Beckman W, Bailey R, Porter W. 1975
Microclimate modeling of the desert. In Heat and mass
transfer in the biosphere part I, transfer processes in the
plant environment (eds DA DeVries, NH Afgan),
pp. 275–286. Washington, DC: Scripta Book Co.
34. Kingsolver JG. 1979 Thermal and hydric aspects of
environmental heterogeneity in the pitcher plant
mosquito. Ecol. Monogr. 49, 357–376. (doi:10.
2307/1942468)
35. Higgins JK. 2014 Rapid evolution and population
divergence in response to environmental change in
Colias butterflies. Chapel Hill, NC: University of North
Carolina.
36. MacLean HJ, Higgins JK, Buckley LB, Kingsolver JG.
2016 Geographic divergence in upper thermal limits
across insect life stages: does behavior matter?
Oecologia 181, 107–114. (doi:10.1007/s00442-0163561-1)
37. Tabashnik BE. 1980 Population structure of pierid
butterflies. Oecologia 47, 175–183. (doi:10.1007/
BF00346817)

rspb.royalsocietypublishing.org

8.

interactions and global change (eds PM Kareiva,
JG Kingsolver, RB Huey), pp. 234– 250. Sunderland,
MA: Sinauer Associates.
Draghi JA, Whitlock MC. 2012 Phenotypic plasticity
facilitates mutational variance, genetic variance and
evolvability along the major axis of environmental
variation. Evolution 66, 2891– 2902. (doi:10.1111/j.
1558-5646.2012.01649.x)
Scoville AG, Pfrender ME. 2010 Phenotypic plasticity
facilitates recurrent rapid adaptation to introduced
predators. Proc. Natl Acad. Sci. USA 107,
4260–4263. (doi:10.1073/pnas.0912748107)
Lande R. 2014 Evolution of phenotypic plasticity
and environmental tolerance of a labile quantitative
character in a fluctuating environment. J. Evol. Biol.
27, 866–875. (doi:10.1111/jeb.12360)
Huey RB, Hertz PE, Sinervo B. 2003 Behavioral drive
versus behavioral inertia in evolution: a null model
approach. Am. Nat. 161, 357–366. (doi:10.1086/
346135)
Schaum CE, Collins S. 2014 Plasticity predicts
evolution in a marine alga. Proc. R. Soc. B 281,
1486–1492. (doi:10.1098/rspb.2014.1486)
West-Eberhard MJ. 1989 Phenotypic plasticity and the
origins of diversity. Annu. Rev. Ecol. Syst. 20, 249–278.
(doi:10.1146/annurev.es.20.110189.001341)
Moran NA. 1992 The evolutionary maintenance of
alternative phenotypes. Am. Nat. 139, 681–706.
(doi:10.1086/285369)
Lande R. 2009 Adaptation to an extraordinary
environment by evolution of phenotypic plasticity
and genetic assimilation. J. Evol. Biol. 22, 1435–
1446. (doi:10.1111/j.1420-9101.2009.01754.x)
Buckley LB, Kingsolver JG. 2012 The demographic
impacts of shifts in climate means and extremes
on alpine butterflies. Funct. Ecol. 26, 969 –977.
(doi:10.1111/j.1365-2435.2012.01969.x)
Kingsolver JG, Buckley LB. 2015 Climate variability
slows evolutionary responses of Colias butterflies
to recent climate change. Proc. R. Soc. B 282,
1802–1809. (doi:10.1098/rspb.2014.2470)
Shapiro AM. 1976 Seasonal polyphenism. In
Evolutionary biology (eds MK Hecht, WC Steere,
B Wallace), vol. 9, pp. 259–333. New York, NY:
Plenum Press.
Ellers J, Boggs CL. 2002 Evolution of wing color
in Colias butterflies: heritability, sex-linkage, and
population divergence. Evolution 56, 836 –840.
(doi:10.1111/j.0014-3820.2002.tb01394.x)
Ellers J, Boggs CL. 2004 Functional ecological
implications of intraspecific differences in wing
melanization in Colias butterflies. Biol. J. Linn. Soc.
82, 79–87. (doi:10.1111/j.1095-8312.2004.00319.x)
Hoffman RJ. 1978 Environmental uncertainty and
evolution of physiological adaptation in Colias
butterflies. Am. Nat. 112, 999 –1015. (doi:10.1086/
283343)
Watt WB. 1969 Adaptive significance of pigment
polymorphisms in Colias butterflies, II.
Thermoregulation and photoperiodically controlled
melanin variation in Colias eurytheme. Proc. Natl Acad.
Sci. USA 63, 767–774. (doi:10.1073/pnas.63.3.767)

