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Goals For Student Learning
This seminar module was created to help students:
• Understand the how phenological traits may evolve in response to climate change
• Understand the differences between relatively short‐term phenotypically plastic
responses and long‐term evolutionary responses to environmental conditions.
• Understand how scientists construct and test evolutionary hypotheses regarding
phenological responses to global climate change

Natural Selection and the Evolution of Phenological Traits
Recent and rapid climate change has influenced the phenological schedules of
numerous organisms. If, however, new phenological strategies evolve in populations through
the process of natural selection, then some species may persist by adapting to novel
environmental conditions. A frequently invoked question in the debate on the biological effects
of climate change is whether organisms can adapt fast enough to persist in rapidly changing
environments.
In a recent review, Visser (2008) addresses this question, suggesting that measurements
of evolutionary adaptation rates would help to inform and to enrich attempts to preserve
biodiversity as the climate changes. He also discusses several potential responses to climate
change that are not transmitted genetically from parent to offspring. He goes on to argue that
long‐term studies that estimate the heritability of phenophase expression along with the type
and magnitude of selection on phenological traits are needed to understand how rapidly
species can be expected to adapt to changing environmental conditions.
In plant populations where the duration of the growing season is constrained or
shortened by environmental conditions, plants may evolve compressed life cycles that enable
them to “make hay while the sun shines” by reproducing rapidly. In sub‐alpine habitats, the
duration of the growing season is limited by the timing of snowmelt and seasonal drought. For
plants growing at low elevation sites, snowmelt comes early in the year. The duration of the
growing season, however, may be limited by increasingly dry soils. In such habitats, individuals
that delay flowering risk exposure to drought. At high‐elevation sites, growing seasons are also
short, but for a different reason: snowmelt often comes late in the year. Therefore, high
elevation plants may have only a few weeks to reproduce between snowmelt and the onset of
autumn. Stinson (2004) conducted a field study and a common garden experiment of a
montane perennial herb, growing plants from low, intermediate, and high elevation
populations in a common environment. She then estimated the strength and direction of
natural selection on the prefloration interval in a subalpine wildflower over a three‐year

period. Interestingly, she found that selection favors rapid reproduction at high and low
elevations, but not at mid‐elevations in her study species’ range. This study provides an
excellent example of how researchers study phenology and evolutionary processes in flowering
plants.

Articles To Read
Stinson, K. A. 2004. Natural selection favors rapid reproductive phenology in Potentilla pulcherrima
(Rosaceae) at opposite ends of a subalpine snowmelt gradient. American Journal of Botany
91:531‐539.
Visser, M. E. 2008. Keeping up with a warming world; assessing the rate of adaptation to climate
change. Proceedings of the Royal Society B‐Biological Sciences 275:649‐659.

Suggested Discussion Questions
1. What is the difference between phenotypic plasticity and evolutionary adaptation?
2. The extent to which individuals can respond plastically to environmental conditions can
vary within populations. Is it possible for natural selection to act on phenotypic
plasticity?
3. Would you expect phenotypic plasticity to constrain adaptation or to promote
adaptation? Upon what do you base your opinion?
4. What are four examples of plastic responses mentioned by Visser (2008)? In what taxa
and/or habitats might these responses promote or ensure a population’s persistence? In
what taxa and/or habitats might these responses be insufficient to enable population
persistence?
5. For plants growing at high elevations, what are the relative advantages and
disadvantages of flowering early? Of flowering late?
6. Briefly describe the common garden experiment conducted by Stinson (2004)? Are
phenological differences among the different elevations genetically based?
7. Are differences in the prefloration interval among the different elevations adaptive?
Provide evidence from the article that supports your opinion.
8. Stinson (2004) did not seek evidence of climate change. But based on your current
understanding of climate change and phenology, how (if at all) would you predict that
the plants at Stinson’s (2004) study sites would evolve in response to climate change?
What evidence from the article supports your opinion?

Glossary
•

Adaptation: a feature that evolves in a population as the result of natural selection.
Adaptations evolve over many generations because they are important for an
organism’s (and by extension, a population’s) survival and/or reproduction.

•

Common garden experiment: an experimental approach wherein plants from distinct
environments are raised together in an identical environment. Common garden
experiments are often used to determine whether differences among individuals and
populations from different environments have a genetic basis.

•

Heritability: the proportion of variation in a given phenotype that is genetically based

•

Microevolution: change in allele frequencies over time in a single population.

•

Prefloration interval: the number of days from snowmelt to the opening of the first
flower

•

Reaction norms: a graphical representation that shows how the phenotypes of a single
genotype are expressed across a range of environmental conditions. Highly plastic
genotypes typically exhibit reaction norms with steeper slopes than non‐plastic
genotypes.

•

Selection differential (s): an estimate of total (direct and indirect) phenotypic selection
on a given trait.

•

Selection gradient (β): an estimate of direct phenotypic selection on a given trait.

•

Directional selection: a type of natural selection where one phenotype is favored over
other phenotypes. This causes allele frequencies to shift over time in one direction. For
example, directional selection on early flowering may promote the evolution of early
flowering in populations where the growing season is short or compressed.
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NATURAL SELECTION FAVORS RAPID REPRODUCTIVE
PHENOLOGY IN POTENTILLAPULCHERRIMA(ROSACEAE)
AT OPPOSITE ENDS OF A SUBALPINE
SNOWMELT

GRADIENT'

KRISTINA A. STINSON2
Ecology and EvolutionaryBiology, PrincetonUniversity. Princeton.New Jersey 08544 USA and Rocky MountainBiological
Laboratory(RMBL). Gothic, Colorado 81224 USA
In high altitude plants, flowering quickly ensures reproductivesuccess within a short snow-free period, but limits maturationtime
and fecundity. Naturalselection on preflorationintervals may thereforevary in contrastingsnowmelt environmentsand could influence
the outcome of phenological responses to climatic change. This study investigatedadaptivedifferentiationand plasticity of prefloration
intervals in the subalpine perennial Potentilla pulcherrima. Three years of in situ field observations were combined with phenotypic
selection analyses and a common garden experiment. Plants from high. intermediate,and low altitudesexpressed similar prefloration
intervals and plasticity when grown at common altitude,indicatingno evidence for adaptivedifferentiation.Selection on the prefloration
interval was negative at both low and high altitudes before and after accounting for strong positive selection on size. Environmental
differences between high and low altitudes indicated that long, dry seasons and short, wet seasons both favored rapid reproduction.
Therefore, quicker reproductionwas adaptive in response to late snowmelt. but slower reproductionin response to earlier snowmelt
appeared to be maladaptive. Selection differed marginally between late snowmelt years and dry ones. Plastic responses to future
precipitationpatternsmay therefore have positive or negative effects on fitness within a single species, depending upon altitude and
year.
Key words:

phenology; plasticity; Potentilla pulcherrima;reproduction:selection: snowmelt; subalpine plant.

In seasonal environments,the propertiming of reproduction
is critical for maximizing fitness (Reekie and Bazzaz, 1987;
Kozlowski, 1992) and is therefore likely to be influenced by
natural selection. By influencing the abiotic and biotic environmentin which reproductiontakes place, flowering phenology can strongly influence seed number(Alatalo and Totland,
1997; Totland, 1999), pollination success (Waser,1978; Gross
and Werner,1983; Totland,1997; Gugerli, 1998), and the likelihood of seed predation (Gross and Werner, 1983; Brody,
1997). Quick or slow flowering also determinesthe allocation
of resources to growth vs. reproductiveoutput (Reekie and
Bazzaz, 1987; Kozlowski, 1992; Molau, 1993). While ecotypic differentiationin flowering times is common in naturalplant
populations (Turesson, 1922; Clausen et al., 1948; Gross and
Werner,1983; Lacey and Pace, 1983; Kudo, 1992; Pickering,
1995; Stanton et al., 1997; Gugerli, 1998; Del Pozo et al.,
2002; Fitter and Fitter, 2002), little is known about variation
in the underlyingdevelopmentalrates that determinethe chronological timing of reproduction(Diggle, 1999). During each
growing season, developmentalsignals to switch meristemallocation from growth to reproductionmay involve both genetic
and environmentalcues (Geber, 1990; Stratton,1998; Simpson
and Dean, 2002; Yanovsky and Kay, 2002). The durationof
I
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the preflorationand other intervals may therefore be plastic
(Aydelotte and Diggle, 1997; Luzar,2001) or genetically fixed
(Sorensen, 1941).
Rapidly changing precipitation,temperature,and other climatic factors over the next century (Houghton et al., 1996)
are likely to destabilize seasonal and genetic cues for developmental shifts between growth and reproductioneach year
(e.g., Inouye et al., 2002). Altered maturationratesmay in turn
affect reproductiveoutput,interactionsamong species, and the
overall functioning of ecosystems. It is thereforeimportantto
understandthe extent of environmentaland evolutionaryprocesses governing variationin the preflorationinterval.
Temperatemountainand polar regions may be particularly
susceptible to a rapidly changing environmentbecause of the
sensitivity of plant phenology to the timing of snowmelt (e.g.,
Galen and Stanton, 1995; Price and Waser, 1998; De Valpine
and Harte, 2001; Theurillatand Guisan, 2001; Inouye et al.,
2002). Spatial and temporalpatternsof snow pack, ratherthan
photoperiod, strongly influence the date and abundance of
flowering in these systems (Inouye and McGuire, 1991; Walker et al., 1995; Inouye et al., 2002). Variationamong arctic
and alpine species suggests that trade-offsbetween growthand
reproductionhave led to divergent strategies for ensuring reproductive success in early and late melting sites (Molau,
1993; Prock and Kbrner, 1996; Theurillat and Schltissel,
2000). "Pollen-risk" species flower quickly to ensure maturation of seeds within a short growing season, but they risk
reduced pollination success, small size at reproduction,and/or
low seed numbers(Waser, 1978; Stenstromand Molau, 1992;
Molau, 1993; Totland, 1997; Gugerli, 1998; Totlandand Eide,
1999). "Seed-risk" species mature more slowly to enhance
growth and fecundity, but they may lose larger numbers of
seeds if the growing season ends priorto fruit maturation(Molau, 1993; Galen and Stanton, 1995).
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Within a species, adaptive modificationsto the prefloration
interval may arise from phenotypic plasticity, genetic variation, or both. While snowmelt generally occurs later with increasing altitude, environmental conditions can also change
dramaticallyover very short distances and from year to year
within a site (Sorensen, 1941; Inouye and McGuire, 1991: Galen and Stanton, 1995; Wagnerand Mitterhofer,1998; Inouye
et al., 2002). Plastic phenological responsesto spatialand temporal heterogeneity in snowmelt timing have been shown to
increase fecundity in alpine plants (McGraw, 1987; Emery et
al., 1994; Aydelotte and Diggle, 1997; Diggle, 2002). In other
species, ecotypic differentiationin reproductivedates can arise
along local and altitudinalsnowmelt gradients, particularlyif
spatial separationof reproductiveevents precludes gene flow
among altitudes (Robertson, 1895; Turesson, 1922; Clausen et
al., 1948; Bliss, 1962; Gross and Werner, 1983; Waser and
Price, 1985) or contrasting microsites (Bliss, 1956; Billings
and Bliss, 1959; Galen and Stanton, 1993; Wagnerand Mitterhofer, 1998). The magnitudeand direction of naturalselection on a given trait may also vary considerablyamong contrasting habitats (Bennington and McGraw, 1995; Caruso,
2001) and in climatically different years (Kalisz, 1986).
The extent to which plants in high altitude systems can endure climatic changes will thereforedepend upon the potential
for adaptive plasticity and/or genetic changes in reproductive
phenology under new environmentalconditions (Geber and
Dawson, 1993). An initial step towards understandingevolutionary potential within extant populations is to examine relationships between size, reproductive maturationrates, and
fitness undernaturaland experimentalconditions. It is possible
to infer that a trait is adaptive when there are strong correlations between that characterand a fitness estimator(Landeand
Arnold, 1983; Mitchell-Olds and Shaw, 1987). For instance,
strong, negative relationshipsbetween preflorationtimes and
seed numberswould indicate that quick flowering is adaptive
in a given environment. Such work can greatly enhance traditional measuresof phenological variationalong high altitude
snowmelt gradients by directly testing hypotheses about the
adaptive significance of flowering quickly or slowly in different environments.However, despite their potentialimportance
for understandingplant responses to future selective regimes,
very few studies have made direct measures of phenotypic
plasticity and naturalselection on the reproductivephenology
within high altitude species, particularlywhile accountingfor
possible relationships between size and the timing of reproduction (Stanton et al., 1997; Totland, 1999).
In this study, I used three years of field observations, phenotypic selection-regression techniques (Lande and Arnold,
1983; Mitchell-Oldsand Shaw, 1987), and a classical common
garden experiment to test for ecotypic differentiationand/or
adaptive plasticity in the preflorationinterval of the subalpine
plant Potentilla pulcherrima Lehmann (Rosaceae). This herbaceous, long-lived perennialplant is found primarilyin open,
subalpine meadows in western North American mountainous
regions. Potentilla pulcherrima is iteroparous;it flowers and
fruits each year after the first year of growth, and recruitment
is usually via locally dispersed seeds (personal observation).
On the western slope of the Rocky Mountainrange, this species is found between 2200 and 3700 m in altitude, in sites
with relatively deep soils and regularaccumulationof winter
snow pack (Weberand Wittmann,1996). It tends to dominate
or co-dominate in mixed perennial communities, along with
occasional shrubs,grasses, sedges, and otherangiospermssuch

as Delphinium nutallianum,Frasera speciosa, Ipomopsis aggregata. Helianthella quinqenetrvisand Erigeron speciosus.
Within the subalpine zone, lower altitude meadows are typically released earlier from snow cover than those at higher
altitudes. As altitude increases, vegetation density and temperaturetend to decrease, and soil moisture tends to increase
(Billings and Bliss, 1959; Ehleringer and Miller, 1975; Bell
and Bliss, 1979; Bliss, 1985; Benedict, 1990). Lower altitude
meadows are therefore potentially subject to late-season
droughts, whereas less densely populated, higher elevation
sites retain more soil moistureyet provide a shortersnow-free
period. Microtopographicalexposure gradientscreate smallerscale variation in snowmelt timing within each altitude that
may offset the general altitudinalpatterns.For instance,sparse
vegetation and dry conditions can predominateon early melting slopes at the lower altitudes, whereas lush vegetation may
predominatein warmer,early melting sites at higher altitudes.
Utilizing the natural variation in snowmelt timing found
across P. pulcherrilma'saltitudinalrange, I asked the following: (1) Does the preflorationinterval differ among altitudes,
and if so, is this variationdue to ecotypic differentiation,phenotypic plasticity, or both? (2) Does naturalselection on the
preflorationinterval indicate that these differences in phenology are adaptive?
MATERIALSAND METHODS
Field observations-Fifteen

natural populations of P. pulcherrilma in west

centralColorado.USA. were studiedfor threeconsecutive years (1994-1996).
Study populationswere located along an altitudinalgradientin the Gunnison
National Forest in western Colorado. Five 20 x 5 m2 plots were constructed
within randomlyselected subalpinemeadows at each of three altitudes:26002900 m (low). 2900-3200 m (intermediate).and 3200-3600 m (high). Plots
were evenly divided into eight sections for environmentalmeasurements.Date
of snowmelt. percentage vegetative cover. soil temperature.and gravimetric
soil moisture were measured at each section on a weekly basis. Soil cores
were taken at 15-20 cm depth, to ensure sampling within the rooting zone.
At each plot. 25 adult P. pulcherri-ima
plants were randomly selected and
for
altitude)
(125
weekly phenology censuses and
per
permanently tagged
size measurements.The following phenological variables were recorded in
the field: date of first spring foliage appearance(emergence date), numberof
flowers, and number of fruits. Initial and peak reproductiondates and the
numberof days from emergence date to full flowering (preflorationinterval)
were derived from these data. Individual fitness was estimated as the total
numberof ripened fruits (numberof fruits) harvestedfrom each plant at each
census. Potentilla is acrocarpous.producing a large numberof distinct individual seeds (nutlets) per fruit. Final plant size was estimated in terms of
maximum leaf area (leaf area). based on weekly measurements of rosette
length and width. The estimator for leaf area. A = Trr(0.5 rosette length x
0.5 rosette width). is strongly correlatedwith dry biomass (Stinson, 1998).
Common garden experiment-Three 12 x 15 m transplantgardens were
constructedalong an exposure gradient from approximately2870 m to 3000
m in a subalpine meadow near the Rocky Mountain Biological Laboratory
~
(RMBL). Gothic. Colorado. Snowmelt generally varies by 5-7 d along this
local gradient (personal observation). Ninety previously markedP. pulcherrimaladults from each altitude were excavated prior to emergence from their
native sites and were temporarilyprotected by a thin layer of snow. Thirty
replicate plants from each altitude were then transplantedin a Latin-square
design into each garden (3 gardens x 3 altitudes x 30 replicatesper altitude
per garden = 270 plants). All individuals were planted on a cool, rainy day
(5 June 1996) and were identified by the altitude of origin with aluminum
tags. During the second growing season after transplanting(May to August
1997). individual plants were monitored on a weekly basis to obtain emergence date. flowering date. preflorationinterval, leaf area. and fecundity mea-
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TABLE1. F ratios from analyses of variance comparing environmental variables and plant variables. over 3 yr and among low. intermediate, and
high altitude populations of Potentilla pulcherrima in Gunnison National Forest, Colorado. USA. * P < 0.05. ** P < 0.01. *** P < 0.001.

Effect

Year
Altitude
Plot [altitude]
Year X altitude
Year x plot [altitude]

Date of
snowmelt

Percentage
of soil
moisture

Soil
temperature

356.73***
92.83***
2.14*
1.81
13.28***

20.56***
1.16
3.19**
1.46
2.36***

2.23
4.59*
0.75
1.16
0.19

Percentage
of plant
cover

5 1.32**
0.32
1.14
1.27
0.84

surements as described earlier. Snowmelt dates were recorded within each
quadrantas the date of first appearanceof bare ground in 1996 and 1997.
Weekly gravimetricsoil moisture measurementswere obtained in 1997 at the
rooting level at 12 designated points within each garden (three samples per
quadrant).
Data analysis-Seasonal averages of all field observations (environmental
and plant variables) were comparedusing an analysis of variance model with
fixed main effects: year, altitude, and the year x altitude interaction term.
Plot numberwas included as a nested, randomeffect in the model to control
for environmentalvariabilitywithin altitudes.The effect of altitudewas tested
over the nested factor,plot. The model also includedthe randomcrossed effect
of year X plot, which was used as the denominatormean square in the F test
for effects of year and year X altitude. A repeated measures model was not
used in this study because the considerable environmentalvariation among
years precludesthe assumptionthat responses of individualplants are parallel
throughtime (Sokal and Rohlf, 1995, pp. 345-346). Large differences among
years warrantthe considerationof year X altitudeand year x plot interactions
as separateterms, ratherthan as error(Sokal and Rohlf. 1995. pp. 342-346).
Tukey's HSD post-hoc analyses were applied to significanteffects when comparisons between years, altitudes, and/or plots within each altitude were necessary. To test for direct effects of environmentalvariation on plant performance, all environmentalvariables differing within or among altitudes were
regressed against each measuredplant trait. Forwardstepwise regression was
used to determinethe best fit model without establishinga priorirelationships
between the predictor and response variables (Sokal and Rohlf. 1996. pp.
654-657). Regression variables differing from zero in the final regression
equations were considered to affect a given plant trait.
The three common gardens were ranked by snowmelt date (early. intermediate, and late) for analysis. To capture potential effects of among-garden
variationin soil moisture,plant variables were analyzed with a two-way ANCOVA (altitudeof origin X garden) using soil moistureas a covariate. Using
this model, two comparisonswere made in orderto assess the role of ecotypic
variation and plasticity. First, following classical common garden transplant
designs (Turesson, 1922; Clausen et al., 1948), populations were tested for
ecotypic variation by comparing the phenotypic expression of individuals
from distinct habitats grown together in a common environment. With this
approach,an effect of altitude on a given trait within the transplantgardens
would demonstrate ecotypic differentiation, whereas no effect of altitude
would indicate plasticity for that trait. A second measure of phenotypic plasticity was made possible by the inclusion of garden number in the model.
This allowed for a measure of phenotypic variation as a function of local
environmentalheterogeneityamong the differentgardens.An effect of garden
number on a given trait was thus interpretedas evidence for plasticity in
response to local snowmelt and soil moistureconditions in early. intermediate,
and late melting common gardens. In both cases, plasticity was measured in
the broadest sense (populationlevel) and not in the narrowsense (genotypic
level) (e.g., Bradshaw, 1965). Differences within and among the common
gardens were comparedwith Tukey's HSD post-hoc analyses.
Phenotypic selection regression analyses (Lande and Arnold. 1983) were
conducted on both in situ and experimentalplants to estimate the magnitude
and direction of selection acting on the timing of reproduction.before and
after accounting for selection on plant total leaf area. Standardizedlinear
(directional) selection differentials (i) were estimated as the covariance be-

Reproducti\ve
date
(julian date)

113 1.809**
1 1.68*'
6.08***
4.40**
4.60***

Seasonal

Prereproductive
intcr\al (d)

interval (d)

Leaf area
(cmW)

Total fruits
(number)

18356**
80.67***1.54
2.28
4.92***

26.25**
67. 2***
1.56
16.76:**
3.633**

33.78*
30.64***
7.28'*
1.24
1.46

13.75***
8.24*
3.11**
3.48*
1.66*

live shoot

tween relative fitness and the standardizedvalues for preflorationintervaland
leaf area. Selection differentialsestimate the total selection on a trait, including both direct selection and indirect selection acting on correlated traits.
Standardizedlinear (directional)selection coefficients (P) were derived from
multiple regressions of relative fitness on the preflorationinterval and leaf
area. Selection coefficients describe the direct selection on a trait, after accounting for selection on other traits included in the model.
Estimatesof total and direct selection were obtained for in situ plants from
1994 to 1996. Selection differentials (s) and selection coefficients (P) were
calculated separatelyin each year and for each elevation. To measureselection
within each altitude. relative fitness was calculated as the total number of
fruits produced by an individual in a given altitude by the mean number of
fruits producedby all individualsin that altitude.Because selection may occur
at different spatial scales, relative fitness was also measuredacross the entire
gradient. Relative fitness across all altitudes was calculated by dividing the
total numberof fruits producedby an individualby the mean numberof fruits
of all individuals from all altitudes within a given year. Heterogeneity of
slopes tests (ANCOVA) were used to test whether relationshipsbetween relative fitness and the measuredtraitsdiffered among altitudesand among years.
Estimates of total and direct selection were also obtained as described for
experimental plants. Within the common gardens. and P were calculated
,
separately for each native altitude. The model included garden number as a
differences
environmental
fixed effect to control for
among gardens. ANCOVA models were used to test whetherrelationshipsbetween relative fitness
and the measuredtraits differed among altitudes and among gardens.

RESULTS
Field observations-The main environmental differences
along the altitudinalgradientwere date of snowmelt and soil
moisture (Table 1). High altitude plots emerged from snow
cover - 13 d later than intermediatealtitude plots, and interd later than low altitude plots.
mediate plots emerged
--11disappearancewere 12 May 1994,
The average dates of snow
13 June 1995, and 15 May 1996 at low altitude;28 May 1994,
23 June 1995, and 29 May 1996 at intermediatealtitude;and
6 June 1994, 9 July 1995, and 15 June 1996 at high altitude.
The 3-4 wk delay in snowmelt date at each altitude in 1995
was due to record-highsnow accumulationduringthe preceding winter, as reported in weather records maintained by
RMBL (B. Barr, RMBL, personal communication). Interannual variationin soil moisturewas due to a late season drought
in 1994, which reduced the percentage soil water content in
each altitude by -5% on average compared to the other two
years (Turkey's HSD, P < 0.05). Although altitude did not
have a significanteffect on mean soil moisture,percentagesoil
water content was lower and declined more rapidly in the intermediateand early altitudescomparedto high altitudesin all
years, as shown for 1996 (Fig. 1). Effects of plot on snowmelt
timing and soil moisture were explained primarilyby heterogeneity among intermediate altitude plots during 1995 and
1996. Soil temperaturesranged from ~-5 to 220C throughout
the growing season, with slightly lower temperaturesat high
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Fig. 1. Soil moisture at low, intermediate,and high altitude throughout
the 1996 growing season at 20 x 5 m plots in Gunnison National Forest.
Colorado, USA. Mean (i1I SE) soil moisture is expressed as a percentage
based on gravimetricdata. The x-axis is the numberof days from the mean
snowmelt date at each altitude. Closed symbols correspondto low altitude:
grey symbols correspondto intermediatealtitude; open symbols correspond
to high altitude.
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altitude comparedto the low and intermediatealtitudes. Vegetative cover rangedfrom 60% to 100%and was similaracross
altitudes. A reduction of plant cover during the drought year
was attributedto reduced foliage and early plant senescence
at the time of measurement.
Field populations expressed interannualand altitudinaldifferences in all of the measuredtraits (Table 1). Tukey's HSD
post-hoc analyses revealed differences (P < 0.05) among altitudes and among years as follows. The preflorationinterval
was shorter at progressively higher altitude, and these differences were conserved from year to year (Fig. 2a). Leaf area
and number of fruits declined with progressively higher altitudes (Fig. 2b, c). Plants at low altitudereduced fruit production in 1994, but increasedtotal leaf area and numberof fruits
during the late snowmelt year, 1995. Dates of reproduction
(Fig. 2d) were later at high altitude comparedto the intermediate and low altitudes. Plants from all altitudes reproduced
3-4 wk later in 1995 than in the other two years.
There were effects of plot, year x altitude, and the threeway interaction term on number of fruits and reproductive
dates. Tukey's HSD (P < 0.05) tests revealed that dates of
reproductiondiffered among plots within the high altitude:
earliest reproductionoccurred consistently in the same two
earliest melting plots every year. Plants also flowered earlier
in the driest, low altitude plot compared to the other low altitude plots in 1994. The year X altitude interactioneffect on
fruit numberwas explained by directionalshifts in traitvalues
among altitudes in the late snowmelt year: a reduction in fecundity in the intermediate and high altitudes in 1995 was
accompaniedby increased fecundity at low altitude.
Snowmelt date and soil moisture were the only environmental variables to affect the measuredplant traits in the forward-stepwise regression analysis. Estimates for snowmelt
date and soil moisture were different from zero in the final
regression models for the preflorationinterval and leaf area
(Table 2), demonstratingthat phenology and size are related
to those environmentalfactors. Snowmelt date was the only
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Fig. 2. Means (i+I SE) of plant charactersfor Potentilla pulcherrima in
each year of the study. Each line connects the mean value for plants at low
(closed symbols), intermediate(grey symbols), and high (open symbols) altitude. The preflorationinterval (panel A) is expressed in number of days;
size and fecundity are shown in panels B and C; peak flowering date (D) is
expressed as day of year.

parameterto affect fruitingdate. None of the regressionmodels yielded significant parameterestimates for environmental
effects on total numberof fruits.
Phenotypic selection within and among altitudes-Phenotypic selection analyses demonstratedstrong relationships
between preflorationintervals, plant size, and relative fitness
in the field (Table 3a). The overall directional selection coefficient and the overall selection differentialwere both significantly positive when all altitudeswere includedin the analysis.
This positive relationship between preflorationinterval and
relative fitness was driven by longer mean reproductiveintervals and higher mean fecundity at progressively lower altitudes (Fig. 2). In contrast, the separate directional selection
coefficients and differentials for each altitude were negative.
Thus, selection acted in the direction of longer prefloration
intervals when all altitudes were included in the model, but
favored shorterpreflorationintervals within each altitudeseparately. Selection coefficients and differentialsfor the prefloration interval were significantly negative in the low and high
altitudes, but did not differ from zero in the intermediatealtitude. Selection generally acted in the directionof largersize,
irrespectiveof altitude. Selection coefficients and differentials
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TABLE2. Variable estimates and regression results for effects of snowmelt date (calendar day) and soil moisture (gravimetric) on the traits measured
in situ for field populations of Potentilla pulcherrima in Gunnison National Forest, Colorado, USA. Regression results are shown for best fit
models resulting from forward stepwise regression of each plant trait on all environmental data (snowmelt date, soil moisture, vegetation cover,
and temperature).
Snowmelt date
Plant trait

Estimate

Prefloration interval
Leaf area
Flowering date
Number of fruits

-0.28
- 11.17
+0.69

Soil moisture
F

16.91
21.55
97.97
0.049

for total leaf area were positive overall and for each altitude
analyzed separately, with the exception that [ did not differ
from zero at low altitude.
At each altitude, s and P for the preflorationinterval were
negative in 1995, but did not differ from zero during the
droughtyear, 1994. A heterogeneityof slopes test on the 1994,
1995, and 1996 selection regression equationsrevealed nearly
significantinterannualeffects on the relationshipbetween preflorationinterval and relative fecundity (ANCOVA for effects
of preflorationinterval,altitude,year,and all interactionterms:
P < 0.001; Fpre-reproxyear = 2.33, P = 0.08;
Fpre-repro = 20.41,
all other effects in the model N/S). Thus, selection did not
differ significantly across altitudes but was slightly different
among years. Selection on size was positive at all altitudesin
both the drought and late snowmelt years. Slopes of the sizefitness regression lines did not differ among years or among
altitudes.
Ecotypic variation, plasticity, and natural selection in the
common gardens-Snowmelt varied by 5 + 2 d between the
earliest and latest melting gardens in both years, and the rank
order for mean snowmelt dates was conserved across the two
years of the study. Snowmelt varied among gardens and
among quads within gardens (Fgarden = 2.03, P < 0.01;
= 2.05, P < 0.01). Soil moisture ranged from 5%
Fquad[garden]
to 19% in all gardensthroughoutthe season and varied within
andamonggardens(Fgarden - 1.58, P < 0.01; Fquad[gardenl
8.16, P < 0.01). Total leaf area was the only plant trait for
which there was an effect of native altitude. Plants from low
altitude were consistently larger than those from higher altiTABLE3. Selection gradients measuring the magnitude of direct selection (3) and selection differentials measuring the magnitude of total
selection (S) on the prefloration interval and leaf area of Potentilla
pulcherrima: (a) at different altitudes in Gunnison National Forest,
Colorado, USA, and (b) in common garden experiment at Rocky
Mountain Biological Laboratory, Gothic, Colorado, USA. * P <
0.05, ** P < 0.01.

Estimate

F

R2

P

+1.01
+45.13
63.86
-

5.29
8.36
1.51
0.25

0.29
0.34
080
-

<0.001
<0.001
<0.001
NS

tudes in each garden
= 3.26, P = 0.04, Fgarden - 2.61,
(F,ltitude
P = 0.24), indicatingthattheobserved
P = 0.08, Faltitudexgarden,
in situ size differences were due to ecotypic variationamong
altitudes. Plants from all altitudes expressed similar prefloration intervals, dates of reproduction, and number of fruits
within each garden, demonstratingno ecotypic differentiation
for phenology or fecundity at the experimentalaltitude. Altitude X garden interactions on number of fruits and fruiting
date were nonsignificantat the P < 0.05 level, furtherindicating no differences among populations in the level of plasticity expressed for these traits.The only traitexpressing plasticity among gardens was the preflorationinterval (Fig. 3).
Plants in the earliest melting gardensdemonstratedlonger preflorationintervals than those in later melting gardens,regardless of native altitude (Fgarden = 11.79, P < 0.001; Faltitudexgarden
= 0.15, df = 2, P = 0.96). Thus, plants from all altitudes
expressed similar plastic changes in the preflorationinterval,
in response to early, intermediate,and late snowmelt among
experimentalgardens.
Comparisons of directional selection coefficients in the
common gardenexperimentrevealed similarresponses among
plants from each altitude (Table 3b). Overall and separatedirectional selection coefficients and differentialswere negative
for the preflorationinterval and positive for leaf area in all
cases. Heterogeneityof slopes tests on the regressionequations
for each altitude and for each garden were not significant,in58
56ca 54>%

52S50-W

0

I

48-

1

46-

0

Prefloration interval (d)
Native altitude

Leaf area (cm2')

(g)

(p)

(g)

-0.14**
-0.06
-0.22**
+0.24**

-0.03
+0.31**
+0.48**
+0.01

+0.21**
+0.31**
+0.12**
+0.30**

(b) Common garden experiment
Low
-0.27**
-0.26*
-0.22
Intermediate
-0.40**

+0.13**
+0.56*

+0.13
+0.66**

(3)

(a) Field observations
Low
-0.14**
Intermediate
-0.08
-0.25**
High
All
+0.25**

High
All

44-

-0.32**

-0.44**

+0.22**

+0.38**

-0.28**

-0.38**

+0.34**

+0.42**

42

Early

Intermediate Late

Snowmelt in common gardens
Fig. 3. Preflorationinterval for Potentilla pulcherrima in the common
gardenexperiment.Mean (+ 1 SE) numberof days from emergence to reproduction in early-, intermediate-,and late-meltingcommon gardens. Each line
connects the mean values for populations from low (closed symbols), intermediate (gray symbols). and high (open symbols) altitude.
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dicating no effects of native altitudeor gardenon the selection
regression results. Naturalselection on phenological plasticity
therefore did not differ among altitudes, but rather favored
shorter prefloration intervals irrespective of native or local
snowmelt conditions. Compressionof the preflorationinterval
by plants from lower altitudesat the experimentalaltitudemay
thereforebe consideredadaptive,while the lengtheningof this
interval by plants from higher altitudes appearsto be a nonadaptive response.
DISCUSSION
Although average size, preflorationinterval, and fecundity
were all reduced in progressively later melting sites, direct
selection (R)and indirect selection (3) favored shorterprefloration intervals at both ends of the altitudinalgradient.Thus,
there were significantfitness advantagesto shorterprefloration
intervals in both early and late melting sites, even after accounting for strongly positive selection on size. Because higher altitude sites are characterizedby progressively later snowmelt, this negative trend between fecundity and prefloration
interval length at high altitudes supports the hypothesis that
rapidreproductionevolves in response to shortergrowing seasons (Molau, 1993; Theurillatand Schliissel, 2000). The common garden experiment demonstratedthat acceleratedreproduction in later melting sites can be attributedto phenotypic
plasticity, ratherthan genetically determinedperiodicity.Negative selection on the preflorationinterval in the experimental
plants confirmedthat this plasticity is in an adaptivedirection.
Previous work suggests that high-altitudepopulationsof other
alpine and subalpinespecies can compensatefor shortgrowing
seasons by acceleratingseasonal carbohydratecycles (Mooney
and Billings, 1961; Bliss, 1985; Starr et al., 2000) and by
reproducing more rapidly than their lower altitude counterparts. While many studies have documented altitudinalvariation in fecundity and reproductivedates (Galen and Stanton.,
1991; Kudo, 1991, 1992, 1993; Galen and Stanton, 1995;
Pickering, 1995; Levesque et al., 1997), whether and how
plasticity in maturationrates affect the chronologicalsequence
of developmentis virtuallyunknownin these systems (Diggle.
1999). The durationof growth and the reproductiveinterval
have been experimentallyaltered in some species (Molau and
Shaver, 1997; Welkeret al., 1997; Price and Waser,1998; Totland, 1999; Sandvik and Totland, 2000), whereas others express notable homeostasis regardless of habitat (Holway and
Ward, 1965a) or experimental treatment(Starr et al., 2000).
This study is the first to provide direct measures of both natural selection and plasticity on the preflorationinterval and
therefore provides an adaptive mechanism for acceleratedreproductive phenology in late melting populations of a single
species.
It has been suggested that rapid reproductionat higher altitudes, compared to slower reproductionat lower altitudes,.
representsa fitness trade-off between size at reproductionand
the ability to reach maturity quickly (Clausen et al., 1948;
Holway and Ward, 1965a; Kudo, 1992; Stenstromand Molau,
1992; Molau, 1993; Levesque et al., 1997; Theurillat and
Schltissel, 2000). However, there was no evidence for divergent allocation strategies in early vs. late melting sites (Theurillat and Schliissel, 2000). This study accounted for correlations between size and phenology by including total leaf area
in the measurementof directional selection coefficients (f3).
Whereasa directionalchange in P would indicateevolutionary
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trade-offs between habitats (Mitchell-Olds and Shaw, 1987),
the negative coefficients at all altitudes indicate that selection
on the preflorationinterval is not constrainedby positive selection on size. The fact that selection differentialsand coefficients were negative in the experimentalgardens, regardless
of positive correlations between fecundity and size, also indicates size and preflorationinterval are not genetically correlated. This contrasts with theoreticalpredictionsthat cumulative allocation to growth should determine the time of reproductive maturity (Bazzaz and Ackerly, 1992; Kozlowski,
1992: Prock and K6rner,1996) and suggests instead that sizedependent fecundity does not dictate selection on the timing
of reproductionin all environments(Schmid and Weiner,1993;
Callahanand Pigliucci, 2002).
Given that longer growing seasons result in higherfecundity
across its
and longer preflorationintervals in P. pulcherrinma
range, negative selection on the preflorationintervalat the low
altitude was perhapsmore surprising.Even more striking was
the fact that the plastic response of lengtheningthe prefloration
interval at the experimentalaltitudedid not appearto be adaptive, because of the consistently strong negative selection on
this trait. The most likely explanation for selection on rapid
reproductionin earlier melting sites is the late-seasondeclines
in soil moisture at lower altitudes. Earlier melting sites are
often drier than later melting sites due to steeper soil moisture
declines as the season progresses (Billings and Bliss, 1959;
Holway and Ward, 1965b; Ehleringerand Miller, 1975; Isard,
1986; Friend and Woodward, 1990), and some high altitude
species have been shown to reproduce earlier in drier years
the regression
(Holway and Ward, 1965a). For P. pulcherrinma,
of plant traits on environmentalfactors demonstratesthat leaf
area and preflorationintervalswere negatively relatedto snowmelt date, but positively related to soil moisture. Although
warmer conditions during early growth may also accelerate
developmental rates (Molau, 1997; Sandvik and Totland,
2000). there was no evidence that temperatureaffected the
preflorationinterval in this system. Moreover,comparisonsof
phenotypic selection coefficients showed no evidence that natural selection on the preflorationinterval differed between the
high and low altitudes. It is thereforepossible to conclude that
opposing temporalconstraintsat the lower and upper ends of
the altitudinalgradientexert similar selective pressureson this
trait (Lande and Arnold, 1983; Bennington and McGraw,
1995). Long, dry seasons at lower altitudes and short, wet
seasons at higher altitudes both favor the most rapidly reproducing individuals. While it is well established that annual
schedules for release from snowpackcan have dramaticeffects
on the amount of time available for growth and reproduction
(Inouye and McGuire, 1991; Inouye et al., 2002; Kudo, 1991;
Galen and Stanton, 1991; Walker et al., 1993), the current
results underscorethe importanceof other factors, such as seasonal soil moisturedeclines, which can limit growth (Holway
and Ward, 1965b: Walkeret al., 1993; Price and Waser,1998),
and thereby determinethe functional endpoint of the growing
season. These results agree with the cautionarypredictionthat
high altitude plant responses to climatic changes will depend
upon multiple factors (Henry and Molau, 1997; Welkeret al.,
1997; Price and Waser,1998; Sandvikand Totland,2000; Starr
et al., 2000). Moreover,the results demonstratethat accurately
predicting the effects of altered growing season lengths will
requiremore careful considerationof late season conditions in
the subalpine zone.
Contractionof the preflorationinterval in later melting gar-
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dens further demonstratesthat plastic changes in phenology
are elicited by only a few days' difference in snowmelt timing
within the subalpine zone, where both local and altitudinal
heterogeneitycan be quite large. This is notable, since the few
studies concerned with small-spatial-scale,adaptiveresponses
to snowmelt have focused on alpine tundraspecies (e.g., Galen
and Stanton, 1993). Elongation of the preflorationinterval in
the earlier melting gardens may also be explained by smallscale and/orinterannualheterogeneityin the environment.One
possibility is simply that development is slowed by drought
or other physiological stresses in earlier melting sites, such as
fine-scale variationin temperaturethat were not detected here
(Molau, 1997; Sandvik and Totland, 2000). Alternatively,
slowing reproductionin response to early snowmelt may be
favorable over the lifetime of these long-lived perennialsdue
to unpredictableinteractionsbetween spatial and interannual
variation in snowmelt (Serensen, 1941), even though it was
not adaptivein the year of the study. A majorlimitationin the
interpretationof phenotypic selection analyses is that they assume no variation in selection from year to year. Interannual
effects on selection can be as large as or larger than spatial
variation in fitness (Stratton and Bennington, 1998), and altered annual precipitationpatterns can have inconsistent effects on flowering times and other life history charactersof
high altitudeplants (Inouye and McGuire, 1991; Walkeret al.,
1995). In this study, interannualeffects on selection were marginally detectable within three years of observation and may
vary considerably over the decade or longer lifespan of Potentilla, as well as many other subalpine perennials.
Informationon genetic structureand outcrossingratescould
provide additional insight into selection on preflorationintervals in P. pulcherrimna.
Because the common gardenstudy did
not test for genotype-by-environmentinteractionsas measured
by reaction norms (Bradshaw,1965), the role of narrowsense
genetic variation within and among altitudes is unclear. Genotypes may differ in size, prefloration interval, and the
strengthof correlationbetween these traits(Geber, 1990: Bennington and McGraw, 1995) and in the degree of plasticity
expressed in a given environment(Sultan, 1995). Weakerselection in intermediatesites may be due to contrastingselection in microsites (Kalisz, 1986; Bennington and McGraw,
1995) or to equal fitness advantages from outcrossing with
either high or low altitudepopulations.While many Potentilla
species are capable of selfing, pollinator visitation and outcrossing have been shown to enhance seed set in the subarcticsubalpine species P. nivea and P. crantzii (Eriksen, 1996; Eriksen and Popp, 2000). Hence, variation in the prefloration
interval of P. pulcherrima may also involve selection for reproductive synchrony both within and between altitudes (Galen and Stanton, 1995; Pickering, 1995; Brody, 1997).
In summary, environmentalcues at relatively small spatial
scales, ratherthan cumulative allocation to growth or genetically determined periodicity among populations, appear to
control the amount of time allocated to growth priorto reproduction in P. pulcherrima. The adaptive nature of these responses may vary considerably within this species depending
upon microsite, altitude, and year. In particular,high altitude
populations may experience negative fitness consequences if
lengthening of the preflorationinterval accompaniespredicted
patterns of earlier snowmelt and drier conditions, despite a
longer snow-free season in their native habitats.Predictedphenological responses to single factors, and generalizationseven
for a single species, should therefore be made with extreme
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caution. A better understandingof environmentaland genetic
control over reproductivetiming will be valuable for predicting longer term evolutionaryresponses of subalpineplants to
altered and increasingly variable snowmelt patternsin this region.
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Keeping up with a warming world; assessing
the rate of adaptation to climate change
Marcel E. Visser*
Netherlands Institute of Ecology, PO Box 40, 6666 ZG Heteren, The Netherlands
The pivotal question in the debate on the ecological effects of climate change is whether species will be able
to adapt fast enough to keep up with their changing environment. If we establish the maximal rate
of adaptation, this will set an upper limit to the rate at which temperatures can increase without loss
of biodiversity.
The rate of adaptation will primarily be set by the rate of microevolution since (i) phenotypic plasticity
alone is not sufficient as reaction norms will no longer be adaptive and hence microevolution on
the reaction norm is needed, (ii) learning will be favourable to the individual but cannot be passed on to
the next generations, (iii) maternal effects may play a role but, as with other forms of phenotypic
plasticity, the response of offspring to the maternal cues will no longer be adaptive in a changing
environment, and (iv) adaptation via immigration of individuals with genotypes adapted to warmer
environments also involves microevolution as these genotypes are better adapted in terms of temperature,
but not in terms of, for instance, photoperiod.
Long-term studies on wild populations with individually known animals play an essential role in
detecting and understanding the temporal trends in life-history traits, and to estimate the heritability of,
and selection pressures on, life-history traits. However, additional measurements on other trophic levels
and on the mechanisms underlying phenotypic plasticity are needed to predict the rate of microevolution,
especially under changing conditions.
Using this knowledge on heritability of, and selection on, life-history traits, in combination with climate
scenarios, we will be able to predict the rate of adaptation for different climate scenarios. The final step is
to use ecoevolutionary dynamical models to make the link to population viability and from there
to biodiversity loss for those scenarios where the rate of adaptation is insufficient.
Keywords: climate change; phenology; microevolution; phenotypic plasticity;
intergovernmental panel on climate change; scenarios

1. INTRODUCTION
The world’s climate is changing at an unprecedented rate
and this change will continue over the following decades
(IPCC 2007). There is ample evidence that climate
change has ecological consequences ( Walther et al. 2002;
Parmesan & Yohe 2003; Root et al. 2003; Parmesan
2006). The two best recorded climate-change-induced
shifts are changes in phenology, i.e. in timing of vegetation
development (Menzel & Fabian 1999), in spawning date
in frogs and toads (Beebee 1995), return date of migrant
birds ( Hüppop & Hüppop 2003) and butterflies
(Sparks et al. 2005), egg hatching date in insects ( Visser &
Holleman 2001), laying dates in birds (Crick et al. 1997),
etc. and in range shifts, in the distribution of butterflies
(Parmesan et al. 1999), breeding range ( Thomas &
Lennon 1999) or overwintering range (Austin & Rehfisch
2005) of birds, etc. Less widespread documented
consequences of climate change are shifts in body size
(Millien et al. 2006; Yom-Tov et al. 2006) and in changes

in the strength of competition between species (Bertness &
Ewanchuk 2002; Jiang & Morin 2004).
The pivotal question in the debate on the ecological
effects of climate change is whether these observed shifts
are sufficiently large, i.e. whether species will be able to
adapt fast enough to their changing world. Establishing
the maximal rate of adaptation is also of crucial
importance in the general debate on climate change.
The rate of temperature increase up to 2100 is not
determined yet as it strongly depends on socio-economic
developments worldwide. The intergovernmental panel
on climate change (IPCC) predicts climate change for
six of such socio-economic scenarios (IPCC 2007). It is
up to biologists to predict the ecological consequences for
these different IPCC scenarios, for instance, in terms of
reduced population viability or loss of biodiversity. This
should then, in turn, be taken into account in the
discussion on which IPCC scenario the world should
aim for. As the magnitude of the ecological consequences
will strongly depend on the rate of adaptation of species to
their changing environment, assessing this rate of
adaptation will set an upper limit to the rate at which
temperatures can increase without loss of population
viability or biodiversity.
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In this paper, I will discuss the various mechanisms by
which species can adapt to climate change and will argue
that the rate of adaptation (see §2 for definitions) will be
primarily set by the rate of microevolution, a rate that is
estimated to be alarmingly low in vertebrates (Gienapp
et al. 2008). I will mainly use examples from research on
timing of reproduction in birds and focus mainly on the
effect of climate change on temperature, rather than
rainfall, etc., simply because temperature effects are the
best studied. Furthermore, I will highlight the importance
of long-term pedigreed population studies for this research.

2. ADAPTING TO A WARMING WORLD
In a warming world, species need to adapt; that is,
populations need to shift their distribution of phenotypes
such that the average fitness for the shifted phenotypic
distribution is higher than that of the original distribution
when compared within the current environment. The rate
of adaptation is simply this change in the distribution of
phenotypes per year. Adaptation can work via a change in
the genetic composition of the population, when
some genotypes increase while other genotypes, with a
lower fitness, decline in frequency (microevolution).
But adaptation can also work via different forms of
phenotypic plasticity, and there has been ample debate
on which of these two forms contribute most to the
observed shifts in phenotype distribution in relation to
climate change (Przybylo et al. 2000; Reale et al. 2003;
Gienapp et al. 2008).
The effects of climate change on phenotype distributions are very apparent; it is less clear how we should
interpret these shifts. Are these signs of a disruption in the
ecology of species, or are these an indication that species
are adapting to a changing world? This question cannot be
answered without establishing whether the observed shifts
are sufficiently strong. Intuitively, one would define a shift
as sufficiently strong when the average fitness of a
population does not decline. As shown in figure 1, this
definition however does not hold. Even when the rate of
adaptation matches the changes in the optimal phenotype
values exactly, fitness may still decline simply owing to a
decline in habitat quality (see also §4). A more accurate
definition is, therefore, that the distribution of phenotypes
of a species shifts at the appropriate rate when there is
stabilizing selection throughout the period of the mean
phenotype shift. If so, the rate of adaptation perfectly
matches the rate of climate change and thus any decline in
fitness is not because the distribution of phenotypes
is lagging behind: the rate of adaptation is sufficient.
A complication with this definition of a sufficient rate of
adaptation is that in some populations for some traits there
was already directional selection prior to climate change
(Merilä et al. 2001). In such cases, the question is whether
this directional selection is getting stronger.
For great tits ( Visser et al. 1998) and pied flycatchers
(Both & Visser 2001), we have shown that there is
increased directional selection on laying date
(c.f. figure 1b(ii)), and thus that the rate of adaptation is
insufficient in these populations. Interestingly, in UK great
tits there is not such an increased directional selection
(Cresswell & McCleery 2003), and thus the rate of
adaptation is sufficient for that population (see Visser &
Both (2005) for further discussion).
Proc. R. Soc. B (2008)

For the analyses on increased selection, the phenotypes
of individuals need to be linked to their fitness, and for
many species such data are not available. In these cases, we
can compare the shifts in the observed and the optimal
phenotype (c.f. figure 1 the (i) panels). We can use, as a
first approximation, the shift in the phenology of a species’
food compared to its own shift in phenology to investigate
whether the rate of adaptation has been sufficient ( Visser &
Both 2005). In the majority of cases, the phenology of food
shifts at a different rate leading to mistimed reproduction
or growth (Stenseth & Mysterud 2002; Visser et al. 2004).
This would indicate that in many species the shifts
in adaptation are insufficient to match the changes in
their environment.
What is constraining the rate of adaptation? Three
types of responses to climate change have been described:
dispersal to suitable habitats elsewhere, change in the
phenotype distribution without a change in genotypes via
phenotypic plasticity, and genetic change, i.e. microevolution (Holt 1990; Davis et al. 2005; Gienapp et al. 2008). It
has often been suggested that the rate of adaptation can be
quite high as phenotypic plasticity works almost instantaneously: if it becomes warmer, any trait that is
phenotypically plastic with respect to temperature will
shift. This can be via different forms of phenotypic
plasticity: the response of an individual to environmental
conditions within the same year (within the individual,
within the same year), via learning (within the individual,
across years) or via maternal effects (across individuals).
In addition, the response in the form of dispersal to
suitable habitats elsewhere, or, complementary, the
immigration of novel genotypes into a population (an
across population mechanism), can operate on relatively
short time scales. Given these different mechanisms to
adapt at relatively short time scales, microevolution does
not seem essential to adapt to climate change. Below
I explain why this is untrue and why adaptation to climate
change, also via phenotypic plasticity or immigration of
novel genotypes, will involve microevolution.
(a) Reaction norms
When the same genotype gives rise to different phenotypes
in different environments this is termed phenotypic
plasticity (Pigliucci 2001). Both traits that are expressed
only once in a lifetime (non-labile traits, e.g. amphibian
metamorphosis) and those that are expressed repeatedly
within individual lifespan (labile traits, e.g. breeding time
in iteroparous organisms) can be phenotypically plastic
( Nussey et al. 2007). Among years, the same individual
starts egg laying at different dates, hence laying date is a
phenotypically plastic labile trait. The ultimate reason for
this plasticity is that the optimal laying date varies from
year to year, for instance, because the food abundance
peaks at different times in years with different spring
temperatures. If animals could measure these annual food
peaks directly and produce offspring ‘instantaneously’ this
plasticity would be perfect. But the proximate cues
involved in the plasticity, i.e. the components of the
environment that affect the phenotype, are often not the
same variables that determine the optimal laying date. For
instance, laying date is affected by temperatures much
earlier in the season than when selection on laying date
operates. Environmental variables are only useful as cues
if they predict the future via correlations between
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Figure 1. Over the years, due to climate change, the optimal trait value may shift as is indicated by the per year fitness curve,
where the optimal trait value for that year is indicated by the dot at the highest fitness value. The actual distribution of trait values
is indicated by the histogram, and the median trait value is indicated with a plus symbol. (a) There is no decline in fitness for
individuals with the optimal trait value, and a perfect match between the shift in the optimal and the actual trait values. This is
depicted in (a (i)) where the optimal trait value shift is indicated with a solid line and the actual trait value shift with a dashed line
( ph, phenotypic trait value). In this scenario, there is no change in the selection on the trait value (( a (ii)) sd, selection
differential) nor a decline in mean fitness (( a (iii)) fit, fitness). (b) There is again no decline in fitness for the optimal trait value,
but the shift in the actual trait values is less than that for the optimal trait values. In this case, the lines in ( b (i)) are no longer
parallel, there will be increasing directional selection (b (ii)) and mean fitness will decline (b(iii)). The decline in fitness is due to
an insufficient rate of adaptation. (c) There is a decline in fitness for the optimal trait values (due to, for instance, a decline in
habitat quality), but a perfect match between the shift in the optimal and the actual trait values. Thus in (c (i)) the lines run
parallel, and there is no increase in direction selection (c (ii)), but there is a decline in fitness (c (iii)). This decline is now not due
to an insufficient rate of adaptation. (d ) Finally, there is both a decline in fitness for the optimal trait values, and a shift in the
actual trait values, which is less than that for the optimal trait values. Hence in (d (i)) the lines diverge, there is increasing
direction selection (d (ii)) and a strong decline in fitness (d (iii)).

environmental variables that serve as proximate cues and
the environmental variables that are determining
selection, i.e. the covariance between phenotype and
fitness (van Noordwijk & Muller 1994; Visser et al. 2004).
Despite the fact that animals are phenotypically plastic
in response to temperature, this is not sufficient to adapt to
climate change. This seems a paradox but the key insight is
that reaction norms will no longer be adaptive due to the
disruption of the correlation between temporally spaced
environmental variables by climate change ( Visser et al.
2004). Hence, the cues no longer accurately predict future
Proc. R. Soc. B (2008)

conditions: for instance, while in the past a certain
temperature would correspond with a food peak for the
offspring in 30 days, it would now correspond with a food
peak in 20 days. This leads to mistimed reproduction as
birds are, for instance, not sensitive enough to these cues,
like temperature. As a consequence, microevolution of
phenotypic plasticity is needed.
Environmental variables, like temperature or photoperiod, can be cues, i.e. they contain information about
the future selective environment ( Visser & Lambrechts
1999). The environment can, however, also select more
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directly on reproductive decisions. For instance, in timing
of reproduction there is strong selection on a close match
between the offsprings’ needs and the abundance of
food ( Visser et al. 2006) but as egg production is costly,
both in terms of energy (Stevenson & Bryant 2000) and
fitness ( Visser & Lessells 2001), selection may also
operate via the cost of reproduction at the egg-laying
stage (harsh conditions may ‘constrain’ early laying, cf.
Perrins 1970). If so, animals may shift their phenology to a
lesser extent than the shift in phenology of the peak date in
food availability (cf. Jonzen et al. (2007) for a similar
argument). However, this will not lead to directional
selection for early laying per se as laying too early will lead
to a lower fitness via increased mortality risks for the
parents due to their increased effort in the egg-laying
phase. In fact, it may lead to selection of life-history traits
that determine these costs of reproduction associated with
egg production, like egg size. As these life-history traits
will also be heritable, climate change will lead to selection
on multiple life-history traits simultaneously (see also
Visser et al. 2003; Garant et al. in press), and again
microevolution is needed, which will affect the reaction
norm of timing of reproduction. To calculate optimal
reaction norms, we need to integrate the selection on all
phases of the reproductive cycle, which may perhaps be
possible via annual routine models ( McNamara &
Houston 2008). Climate change can thus affect selection
on reaction norms via, for instance, higher costs of
reproduction associated with egg production, but I want
to stress that also in that case this is caused by the
disruption of the correlation between temporally spaced
environmental variables: if the phenology of the environment at the time of egg production shifts as much as
that at the time of chick rearing, the cost of reproduction
associated with egg production remains the same
(see Visser et al. (1998) for further discussion).
In their simplest form, reaction norms (the curve
describing the relationship between a trait and the
environmental variable) have a slope (i.e. the sensitivity
of the trait to the environment) and an elevation (i.e. the
trait value in the average environment, Pigliucci (2001)).
Both can be under selection and it is useful to make
a distinction between these. However, there is often
a genetic covariance between slope and elevation, which
may well constrain the response to selection on the
reaction norm. This genetic covariance itself may also be
under selection (Sgro & Hoffmann 2004) but this
discussion falls outside the scope of this review.
Selection in any particular year will operate on the
phenotype expressed in that specific annual environment,
and hence direct selection on reaction norms (which is the
phenotypic response over a range of environments) seems
difficult. However, what matters for an individual is its
lifetime reproductive success and hence it has to do well in
all the years it reproduces, not just in 1 year. Moreover, what
matters for genotypes is their fitness over a whole range of
lifetimes, which will have to do well over a wide range of
environmental conditions. This does enable direct selection
on reaction norms, especially in long-lived species.
(i) Selection on the elevation of the reaction norm
As a measure of an individual’s average phenotype, much
attention has been focused on the elevation of the reaction
norm and the potential to respond to selection. When
Proc. R. Soc. B (2008)

these traits are heritable and under directional selection,
the elevation of the reaction norm is expected to show an
evolutionary change in value ( Falconer & Mackay 1996).
However, there are just two examples for vertebrates
that have shown a response to climate change (see
recent reviews Bradshaw & Holzapfel 2006; Gienapp
et al. 2008). The genetic shift in phenology of the North
American red squirrel (Tamiasciurus hudsonicus; Reale et al.
2003) has, however, been questioned (Postma 2006)
while the blackcap (Sylvia atricapilla) for example
(Berthold et al. 1992) may be a genetic response to
environmental changes other than climate change.
Gienapp et al. (2008) provide a set of conditions that
need to be fulfilled in order to demonstrate climate change
driven genetic change and conclude that studies that
demonstrate such genetic change are ‘conspicuously scarce’.
One of the hypotheses that is most commonly put
forward to explain a lack of a response to selection is that
both phenotype and fitness values are correlated to a third,
unmeasured factor, like quality (Price et al. 1988).
However, both for the great tit (Parus major) population
of the Hoge Veluwe ( The Netherlands; Gienapp et al.
2006) and the collared flycatcher (Ficedula albicollis)
population of Gotland (Sweden; Sheldon et al. 2003)
there was no statistically significant difference between the
selection differential on laying date phenotype or the
breeding value for laying date, indicating that breeding
time and fitness are causally linked.
Another reason why evolutionary stasis on wild
populations is common (see Merilä et al. (2001) for a
complete overview of explanations) might be that the
assumption that the heritability of a trait is constant over
time does not hold. The annual variation in environmental
conditions may mean that both selection on a trait and the
additive genetic variance of that trait vary from year to year
( Wilson et al. 2006). In Soay sheep (Ovis aries), selection
was weaker in good environments, and there was a
negative correlation between the magnitude of selection
and the magnitude of the genetic variance that year, which
has implications for the predicted response to selection
( Wilson et al. 2006). This has been studied for very few
species, leaving open the possibility that in other species
selection and genetic variance are positively correlated,
speeding up the rate of microevolution.
The simplest reason for the lack of an observed genetic
response to selection is that this response is very small and
therefore difficult to detect. In one of the Dutch long-term
great tit populations (the Hoge Veluwe), the heritability for
laying date was found to be 0.17, and the predicted
response was just 1.5 days over 30 years (Gienapp et al.
2006). Very long time series are needed to detect such low
rates of response to selection, and given that climate change
started to have an impact on natural systems ca 1980, it may
take many more years before such time series are available.
(ii) Selection on plasticity of the reaction norm
While under some conditions there is selection on simply
being earlier in all environments (selection on main trait
value), under different conditions there may be selection
on the degree of plasticity (the slope of the reaction norm,
i.e. on the sensitivity of the trait phenotype for the
environmental variable). This would be the case if a
species is still well timed in cold years but at times its
reproduction is too late in warm years. Indeed, for a
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Dutch great tit population, it has been shown that there is
now selection on the strength of phenotypic plasticity
( Nussey et al. 2005).
For microevolution in reaction norm slope there needs
to be heritable variation in slope. For labile traits, we can
often collect a number of trait values for the same
individual. From that, it can be calculated whether there
is variation among individuals in how they respond to their
environment (I!E interactions, Nussey et al. 2007). Of the
five examples of wild-vertebrate populations reviewed by
Nussey et al. (2007), in four there is an I!E interaction.
However, to get a response to selection genotypes need to
differ in their response to the environment (G!E interactions). This has only been tested in two of these studies,
in the collared flycatcher (Brommer et al. 2005) and the
great tit ( Nussey et al. 2005), and in a study on Soay sheep
( Wilson et al. 2006), and in two of these three a G!E
interaction was found. Clearly, we need many more studies
to estimate the heritability on reaction norm slope in wild
populations in general, and from there we estimate the rate
of microevolution in this slope. In the great tit, for example
( Nussey et al. 2005), no such response was detected.
In insects, the G!E interaction can be estimated by
exposing relatives to different environments and
measuring how their trait value depends on the environmental values ( Nussey et al. 2007). In the timing of
egg hatch of winter moths (which should be synchronized
with bud burst of their host tree) there is a G!E
interaction, and the reaction norm slope of egg hatch
against temperature is predicted to change (van Asch et al.
2007). However, although there is a genetic response
to selection in reaction norm elevation, no change in
slope could be detected (van Asch et al. unpublished data).
Obviously, many more studies are needed but it may
be that a response to selection on reaction norm slopes
is more difficult than on elevation ( Wijngaarden &
Brakefield 2001).
(b) Special cases of phenotypic plasticity
There are two special cases of phenotypic plasticity, which
have been suggested as mechanisms for species to adapt to
climate change without the need for (slow) genetic
changes; learning and maternal effects. Both these
mechanisms can be described as reaction norms; in case
of learning with the animal’s past experiences as the
environmental axis and for maternal effect the component
of the environment affected by the mother. As in the
previous section, there can be selection on both the
elevation and the slope of these reaction norms.
(i) Learning
Animals can adapt to climate change if they learn from
their experiences. Learning can be seen as a form of
phenotypic plasticity: but instead of the current environment affecting the phenotype it is the environment
experienced during earlier reproductive events by the
animal. When animals reproduce too late as a first-year
breeder they may shift their timing when they get older,
and be better synchronized with their food source.
Learning of phenology has been experimentally shown in
blue tits (Cyanistes caeruleus), which respond to the degree
in which they were mistimed in one year in their laying
date in the next year (Grieco et al. 2002). It is unclear in
how many species such learning plays a role.
Proc. R. Soc. B (2008)
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Learning of timing is expected to have evolved to deal
with spatial, rather than temporal, variation in seasonality.
As with the phenotypic plasticity described earlier, it is
essential that the environmental variables used to shape
the phenotype are correlated with the environmental
variables that correlate with fitness but in this case it is
the environment in one year predicting the environment in
the following year. For this to work, if the location where a
bird breeds is early in one year, it should be early again the
next year ( Visser et al. 2006). This type of learning is
not simply a carry over effect from being mistimed in
one year affecting laying dates in the next year as animals
that lay too late in one year will lay earlier the next year
(Gienapp & Visser 2006).
Climate change may lead to selection on learning as
individuals who shift their phenotype strongly to their
experiences during previous reproductive attempts are
likely to have a higher fitness. But this is more complicated
than it looks. If a warm year is followed by another warm
year, as is often the case in the last decades, animals that
take past experiences into account will have a higher
fitness. But if a warm year is followed by a cold year this is
not so, animals may easily shift their phenotype too much.
This is because this type of learning has evolved to deal
with spatial variation where there is this strong year to year
consistency. When ‘using’ this leaning to adapt to
temporal variation, a single cold year in a row of warm
years will select against animals with a steep reaction norm
slope of laying date versus past experiences. It is therefore
not probable that very strong learning will be selected for,
and the optimal reaction norm slope will depend on the
year to year variation in temperature.
Given that selection on learning may be affected by
climate change, it would be of interest to study the
heritability of the degree of learning. For this, the effect of
previous experiences needs to be separated from the
effects of current conditions, which can be done by using
first-time breeders as a reference ( Nager & Van Noordwijk
1995; Grieco et al. 2002). Next, using pedigreed
populations, the heritability of this learning effect can be
estimated. Selection may also act on the ‘default trait
value’ for first breeders but this is just the elevation on the
reaction norm described in the previous section (although
we should consider that animals also use environmental
cues which provide information where they are ‘spatially’,
i.e. at an early or late site).
Will learning play a substantial role in adaptation to
climate change? An obvious drawback is that this learned
experience cannot be passed on to the next generation.
Especially in short-lived species, where a large part
of the population are first-year breeders, this will not
lead to sufficient adaptation at the population level as these
first-year breeders will remain mistimed.
(ii) Maternal effects
Maternal effects are modifications of offspring phenotype
caused by the environment provided by the mother during
development (Mousseau & Fox 1998). These can be seen
as a special form of phenotypic plasticity where the
trait value depends on environmental variables that are
under control of the mother. This opens the possibility
of adaptation without genetic change (Kirkpatrick &
Lande 1989) and maternal effects, therefore, are potentially important mechanisms when adapting to climate
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change. They can play a role via the environment as
experienced by the offspring, such as photoperiod during
the nestling period, and thus, where the maternal effect
runs via the mother’s timing, or maternal effects can run
via direct effects provided by the mother, such as better
care or yolk hormones.
An example of a maternal effect that runs via the
mother’s timing comes from blackcaps. In these migratory
birds, the perceived photoperiod in the nestling
phase affects their seasonal timing of moult and autumn
migration (Coppack et al. 2001; Coppack & Pulido 2004):
the longer the photoperiod experienced in the nestling
phase, the earlier in life (i.e. at a younger age) the onset of
migration. But this effect is not complete: for each later
day a young bird is born, it starts migration half a day
earlier in life, and thus in absolute calendar dates half a day
later. Whether photoperiod during the nestling phase also
affects the interval between fledging and first-time
breeding is not known. In general, such an effect will be
difficult to separate from genetic resemblance between
mothers and daughters as early born offspring will have
early reproducing parents. One way around this may be to
compare the heritability in laying date for first- versus
second-brood offspring (van Noordwijk 2006). These
offspring are related to their mother in the same way but
were raised under different photoperiodic environments.
To my knowledge, not much is known about the effects
of better care or maternal hormones on timing of
reproduction of the offspring; although in great tits,
there is an effect of female fledging mass on the clutch
size she herself lays (Haywood & Perrins 1992).
Maternal effects have not evolved to cope with climate
change but to cope with environmental variation that is
predictable from the environment provided by the mother.
Maternal effects may, under climate change, be constraining adaptation as has been suggested for the blackcap
example. If laying date advances, offspring will be raised
under shorter photoperiods, which in turn will lead to
earlier autumn migration, perhaps too early as the growing
season is prolonged under climate change (Coppack &
Pulido 2004). This is a similar argument as presented
earlier under the phenotypic plasticity section: if
climate change leads to uncoupling of environmental
variables, reaction norms, or here the maternal effects, are
no longer adaptive.
The strength of maternal effects can be under selection
(Kirkpatrick & Lande 1989), both at the maternal and
the offspring level not only because the maternal effect
themselves may have a genetic basis, i.e. determining the
environment provided by the mother (maternal genes
affecting the offspring phenotype), but also the response
of the offspring reacting to the environment provided by
the mother may be genetically determined. For the
offspring, this is similar to selection on reaction norm
slope and elevation. If, due to climate change, maternal
effects are no longer adaptive, selection will occur and
provided that the strength of the maternal effect is
heritable, this will lead to microevolution in maternal
effect strength. Thus, although maternal effects may play
an important role in adapting to climate change, they
themselves will be under selection and also here the rate
of microevolution is essential for the speed at which
species can adapt.
Proc. R. Soc. B (2008)

(c) Immigration
One of the responses to climate change is that individuals
move away to more suitable habitats (Holt 1990). I will
discuss the complementary case to ‘moving away’, i.e. the
immigration of novel genotypes into the population as this
fits in better with the question of how populations adapt to
climate change.
Immigration of novel genotypes into a population can
potentially affect the rate of adaptation to climate change
but it is a very different mechanism from the ones as
discussed above. It will just supply genetic variation on
which selection can act. Given that climate change has led
to range expansions from more southern to northern areas
(Parmesan & Yohe 2003), it may well be that current
immigrants into breeding populations originate from
southern populations. These animals may have genotypes
that are better adapted to warmer conditions and hence
dispersal may lead to more genetic variation, and
hence speed up adaptation rate (Garant et al. 2007).
The prediction is that while in the past immigrants could
be preventing local adaptation (Postma & van Noordwijk
2005), and hence there was selection against such
immigrants, immigrants may now promote adaptation
to the changed environment, and they will now be
selected for.
This scenario is, however, implicitly based on the
assumption that when southern genotypes move north,
they will encounter the set of environmental conditions
under which they have evolved in their original range. And
this is not so, it is important to realize that the climate of
The Netherlands from the 1980s will not be present
anywhere on the planet in 2020. There will be more
northern areas that have the same mean annual temperature, but they will have a different photoperiod and
probably also different rainfall patterns. Furthermore, not
all species within a food chain shift north at the same rate,
and thus the southern immigrants will now depend on, for
instance, trees with a northern genotype, and thus the
food chain this immigrants are now a part of will
respond differently to climate than in the original range
of these migrants.
Immigrating genotypes from southern populations will
thus be better adapted in terms of temperature, but not in
terms of, for instance, photoperiod. Photoperiod plays a
major role in seasonal timing in vertebrates (onset of
gonadal development, Gwinner (1986)) and invertebrates
(diapause, Bradshaw & Holzapfel 2001). So, also for these
genotypes, climate change leads to an uncoupling of
environmental variables and microevolution is needed
to adapt to their new range. Thus, immigration will lead
to more genetic diversity and will thus speed up adaptation to climate change but these immigrants are not
already fully adapted to their new environment as is often
assumed (c.f. Bridle & Vines 2007).

3. LONG-TERM PEDIGREES
In the assessment of the rate of adaptation to climate
change, long-term studies on wild populations with
individually known animals play an essential role. These
studies can be used to detect and understand temporal
trends in life-history traits. Many of the examples of
phenotypic shift due to climate change come from
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such studies (Dunn & Winkler 1999; Visser et al. 2003;
Both et al. 2004 ).
Furthermore, long-term pedigrees also can be used to
estimate heritability of traits (van Noordwijk et al. 1981;
van der Jeugd & McCleery 2002). Under climate change,
heritabilities may well not be constant. When the
environment changes, the additive genetic variation will
change for those traits for which there is a genetic basis of
among-individual variation in plasticity, i.e. an environment!genes interaction (Hoffmann & Merilä 1999;
Charmantier & Garant 2005). This is especially important
if there is a correlation between the strength of selection
and the amount of additive variation in a year. A negative
correlation will slow down the response to selection
( Wilson et al. 2006) while a positive correlation will
speed up microevolution. As it is unlikely that the additive
variance within a population will be constant over
decades, and even more unlikely that it will remain
constant under climate change, long-term studies can be
used to detect long-term trends in heritability and to
quantify any correlation between the strength of selection
and the heritability.
Finally, long-term pedigrees can be used to assess the
(changing) selection pressures on life-history traits. Such
documentation of shifts in selection due to climate change
have been few. Interestingly, even within species there are
differences in how selection is affected: while in Dutch
great tits there is increased selection for earlier laying
( Visser et al. 1998; Nussey et al. 2005; Gienapp et al.
2006), in UK great tits, selection on early laying has
become less intense (Cresswell & McCleery 2003). To
understand intra- and interspecific differences in how
selection intensity changes over time, additional measurements on other trophic levels of the food chain are needed
( Visser & Both 2005). When a species shifts in phenology
faster than the phenology of its prey (as may be the case in
the UK great tits), this may lead to selection for a later
timing of reproduction (or in the UK case less strong
selection for earlier laying) while if they shift to a lesser
extent than their prey (as in the case of the Dutch
great tits) this will lead to stronger selection on early
laying. Thus, the value of long-term pedigreed
populations increases if additional measurements on
their food chain are done.
A major problem with climate change is that we need
to extrapolate outside the natural range, or at least
outside the range that has been observed over the past
decades. In that sense, even long-term data have little
predictive value if the environment keeps getting warmer.
To put this into perspective, the difference between very
warm and very cold springs in The Netherlands is just
48C, while some of the climate scenarios predict
temperature increases of up to 68C for 2100. Can we
still extrapolate along, for instance, a linear reaction
norm? To determine whether a reaction norm is nonlinear,
long-term data from long-lived animals are needed. Other
possibilities are to use controlled conditions (i.e. climatecontrolled aviaries, etc.) or to move animals to other
parts of their range (with a different climate) and study
their phenotypes there (cf. genetically identical trees that
are planted in botanical garden throughout Europe,
Menzel (2000)).
A second major problem is that because climatic
variables become uncoupled due to climate change, it
Proc. R. Soc. B (2008)
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becomes very important to identify the right environmental variables that affect the phenotypes (i.e. the x -axis
of the reaction norm). Ultimately, only detailed knowledge on mechanisms will inform us about this but this is a
challenging task and will require close collaboration
between evolutionary ecologists and physiologists
( Visser et al. 2004; Wingfield et al. 2008). An alternative
route is to use statistical models that correspond much
better to the underlying (unknown) mechanism. For
instance, while in reaction norms of timing of reproduction laying date is often regressed against the mean
temperature over some specific time period of the year,
it is also possible to statistically model this as a
temperature-dependent daily probability of starting
reproduction, using proportional hazard models, which
also allows for interactions between, for instance,
temperature and photoperiod (Gienapp et al. 2005).
To complicate matters further, there is not of course a
single environmental variable that affects the phenotype,
there are many. A final complication is that these multidimensional reaction norms are not only affected by a
number of environmental variables that directly affect the
genotype–phenotype relationship but also the environment experienced earlier in life (learning) and the
environment as under control of the mother (maternal
effects). These all need to be integrated into a single
‘response mechanism’ ( Visser et al. 2004).
In addition, in order to understand the variation in
reaction norm slopes, the environmental variables the
organisms respond to need to be precisely identified. The
variation in the laying date versus temperature reaction
norm in great tits ( Nussey et al. 2005) may be due to
differences in the sensitivity to temperature among
individuals (temperature on the x -axis). However, it
could also be differences in the cost of egg production,
which may enable some individuals to lay early under cold
conditions, but not others (food intake on the x -axis). Yet
another possibility is that there is variation in the
photoperiodic sensitivity (Silverin et al. 1993) and some
individuals are simply not ready to lay early in spring as
they have not completed their gonadal development
(photoperiod on the x -axis). Especially in the phenology
in vertebrates, photoperiod plays an important role
(Gwinner 1986). The annual pattern in photoperiod is
of course not changing, leading to an uncoupling of
photoperiodic and temperature patterns, and this will
mean that the rate of microevolution in sensitivity to
photoperiod may at some point become more important
than the rate of microevolution in temperature sensitivity
(Bradshaw & Holzapfel 2008).
To resolve these two problems, long-term pedigreed
population studies need to be accompanied by
physiological studies on the mechanisms underlying
phenotypic plasticity. These mechanisms will tell us
which variables actually play a role in plasticity, and
what their ‘weight’ is within the response mechanism.
Although it is less likely that species start using different
environmental variables (cues), it is more probable that
these ‘weights’ are under selection. Knowledge of the
genetic variation in, and selection on, the components of
the mechanism underlying plasticity is crucial to make the
step towards predicting the rate of adaptation to climate
change (see also Wingfield et al. 2008).
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Figure 2. Diagram highlighting the importance of assessing the rate of microevolution when determining the ecological
consequences of climate change, here depicted as the way population viability depends on the socio-economic development of
the planet (as captured in the six scenarios of the IPCC). Each IPCC scenario predicts how the climate will change up to 2100.
This will determine the weather in a specific year, which in turn will affect the biotic and abiotic environment for a species. This
environment, combined with the set of genotypes, determines the set of phenotypes as these are phenotypically plastic. The
environment also affects the heritability of the trait and, combined with the set of phenotypes, will determine the strength of
selection on the trait. This selection and heritability determine the rate of microevolution, and thus, in combination with the
immigration rate, the set of genotypes in the following year. The environment (via its (density dependent) effect on the average
survival of adults and juveniles) and the strength of selection affect the population numbers in the next year, making the link to
population viability. It is expected that the IPCC scenarios that will lead to a slow rate in temperature increase will have a small
impact on population viability as the rate of microevolution will be sufficient for species to keep up with the warming world.

4. LINKING CLIMATE SCENARIOS TO
BIODIVERSITY LOSS
Climate change is threatening biodiversity (McLaughlin
et al. 2002; Thomas et al. 2004) as organisms are no longer
adapted to their changed environment. There are still
relatively few examples that link disrupted life-history traits
of organisms to their population viability or even extinction
risks. One of the clear examples is the decline of pied
flycatchers (Ficedula hypoleuca) in areas where the birds
are most severely mistimed with their nestlings’ food (Both
et al. 2006). Another example is the decline of black grouse
(Tetrao tetrix) population numbers that is linked in with
mistimed reproduction (Ludwig et al. 2006). In, also
mistimed, great tits, there is a decline in fitness (number of
surviving offspring produced, Nussey et al. (2005)).
However, there is no clear decline in population numbers,
probably because population density is strongly affected by
winter food in the form of beech nuts (Perdeck et al. 2000).
The same is found in song sparrows (Melospiza melodia)
where, despite increasing selection for early breeding, there is
no effect on population numbers as numbers may be
determined by juvenile survival, which is not affected by
climate (Wilson & Arcese 2003). The development of a
theoretical framework to link life-history traits under natural
selection and population dynamics (ecoevolutionary
dynamics), such as described above, has only recently been
initiated (Hairston et al. 2005; Saccheri & Hanski 2006;
Caroll et al. 2007; Pelletier et al. 2007) but is much needed
to assess the ecological consequences of climate change.
The slow rate of adaptation will have large population
consequences as populations will lag behind in their
phenotype distribution. I want to briefly mention that
climate change may also have population consequences
even when the rate of adaptation is high enough
Proc. R. Soc. B (2008)

( figure 1d ). As discussed in the introduction, the rate of
adaptation can be viewed as sufficiently high if there is
stabilizing selection throughout the period of the mean
phenotype shift. It is important to realize that this does not
necessarily mean that there is no decline in the mean
reproductive output per individual or that population
numbers stay stable. For instance, if climate change leads
to a lower quality habitat because some prey species
disappear, birds are less able to rear large broods and thus
this will lead to a decline in the average clutch size via
microevolution. Even if this microevolution is instantaneous, and thus there is a high rate of adaptation and
there is always stabilizing selection, the reproductive
output (and population numbers) will go down simply
because in these poorer conditions fewer offspring can be
reared to independence. But obviously, when the rate of
adaptation is low, the shift in clutch size will lag behind
and the impact of climate change will be even more severe.
With knowledge of both the rate of adaptation in
different environments, and of the population consequences of disrupted life-history traits, we will be able to
link population viability to IPCC socio-economic
scenarios ( IPCC 2007). From the socio-economic
scenarios, emissions are calculated and from there climatic
effects such as temperature and rainfall follow. From
these, evolutionary ecologists need to predict the rate of
genetic change in life-history traits, and as a final step, the
effects on population viability for those scenarios where
this rate of adaptation is insufficient. As is depicted in
figure 2, we can then use these insights to link population
viability to socio-economic scenarios.
In order to make this link, evolutionary ecologists will
need climate predictions with a resolution of days as,
especially the phenology of organisms, life-history traits
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correlate with temperatures in very specific periods of
the year ( Visser et al. 2006). Climatologists use IPCC
socio-economic and emission scenarios (IPCC 2007) to
calculate such climate scenarios (using general circulation
models like the ECHAM4 and the HadCM3, Pope et al.
(2000 )), and predict minimum/maximum temperatures,
rainfall etc. on a daily basis for 1960–2100. Ideally,
climatologists need to provide evolutionary biologists with
three climate scenarios for each of the six IPCC emission
scenarios (which in turn are base on socio-economic
scenarios). This set of 18 climate scenarios can then be
used to make predictions on the rate of microevolution.
An example for an insect herbivore, the winter moth, for
just a single climate scenario shows a microevolution rate
sufficiently fast to match the climate change as predicted
by that scenario ( van Asch et al. 2007 ). Predicting the rate
of microevolution for other emission scenarios for the
winter moth was hampered by a lack of such a set of
climate scenarios.
Climate change is one of the largest threats to
biodiversity of our times. Only when we, as a planet,
adopt a socio-economic strategy that will allow organisms
to adapt in pace with the changes in their environment can
we prevent severe loss of species due to global climate
change. Determining the rate of climate change that
populations can cope with is, therefore, information that is
urgently needed. Quantitative geneticist and evolutionary
ecologists, analysing long-term pedigreed datasets of wild
populations, will play a crucial role in providing this key
insight. We have work to do.
The author would like to thank Dan Nussey, Phillip Gienapp
and three anonymous referees for their comments on a
previous version of the paper and Loeske Kruuk for inviting
him to contribute to this special issue, for initial discussions
on the topic of the paper and for comments on all previous
versions of the paper.
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Merilä, J., Sheldon, B. C. & Kruuk, L. E. B. 2001 Explaining
stasis: microevolutionary studies in natural populations.
Genetica 112, 199–222. (doi:10.1023/A:1013391806317 )
Millien, V., Lyons, S. K., Olson, L., Smith, F. A., Wilson,
A. B. & Yom-Tov, Y. 2006 Ecotypic variation in
the context of global climate change: revisiting the rules.
Ecol. Lett. 9, 853–869. (doi:10.1111/j.1461-0248.2006.
00928.x )
Proc. R. Soc. B (2008)

Mousseau, T. A. & Fox, C. W. 1998 Maternal effects as
adaptations. New York, NY: Oxford University Press.
Nager, R. G. & Van Noordwijk, A. J. 1995 Proximate and
ultimate aspects of phenotypic plasticity in timing of great
tit breeding in a heterogeneous environment. Am. Nat.
146, 454–474. ( doi:10.1086/285809 )
Nussey, D. H., Postma, E., Gienapp, P. & Visser, M. E. 2005
Selection on heritable phenotypic plasticity in a wild bird
population. Science 310, 304–306. (doi:10.1126/science.
1117004 )
Nussey, D. H., Wilson, A. J. & Brommer, J. E. 2007 The
evolutionary ecology of individual phenotypic plasticity in
wild populations. J. Evol. Biol. 20, 831–844. (doi:10.1111/
j.1420-9101.2007.01300.x)
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)
Parmesan, C. & Yohe, G. 2003 A globally coherent
fingerprint of climate change impacts across natural
systems. Nature 421, 37–42. (doi:10.1038/nature01286)
Parmesan, C. et al. 1999 Poleward shifts in geographical
ranges of butterfly species associated with regional
warming. Nature 399, 579–583. (doi:10.1038/21181)
Pelletier, F., Clutton-Brock, T., Pemberton, J., Tuljapurkar,
S. & Coulson, T. 2007 The evolutionary demography of
ecological change: linking trait variation and population
growth. Science 315, 1571–1574. (doi:10.1126/science.
1139024)
Perdeck, A. C., Visser, M. E. & Van Balen, J. H. 2000 Great
tit Parus major survival, and the beech-crop cycle. Ardea
88, 99–108.
Perrins, C. M. 1970 The timing of birds’ breeding season. Ibis
112, 242–255.
Pigliucci, M. 2001 Phenotypic plasticity; beyond nature and
nurture. Syntheses in ecology and evolution. Baltimore, MD:
John Hopkins University Press.
Pope, V. D., Gallani, M. L., Rowntree, P. R. & Stratton, R. A.
2000 The impact of new physical parametrizations in the
Hadley Centre climate model: HadAM3. Clim. Dyn. 16,
123–146. (doi:10.1007/s003820050009)
Postma, E. 2006 Implications of the difference between true
and predicted breeding values for the study of natural
selection and micro-evolution. J. Evol. Biol. 19, 309–320.
(doi:10.1111/j.1420-9101.2005.01007.x )
Postma, E. & van Noordwijk, A. J. 2005 Gene flow maintains
a large genetic difference in clutch size at a small spatial
scale. Nature 433, 65–68. (doi:10.1038/nature03083)
Price, T., Kirkpatrick, M. & Arnold, S. J. 1988 Directional
selection and the evolution of breeding date in birds.
Science 240, 798–799. (doi:10.1126/science.3363360)
Przybylo, R., Sheldon, B. C. & Merila, J. 2000 Climatic
effects on breeding and morphology: evidence for
phenotypic plasticity. J. Anim. Ecol. 69, 395–403.
(doi:10.1046/j.1365-2656.2000.00401.x)
Reale, D., McAdam, A. G., Boutin, S. & Berteaux, D. 2003
Genetic and plastic responses of a northern mammal to
climate change. Proc. R. Soc. B 270, 591–596. (doi:10.
1098/rspb.2002.2224)
Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H.,
Rosenzweig, C. & Pounds, J. A. 2003 Fingerprints of
global warming on wild animals and plants. Nature 421,
57–60. (doi:10.1038/nature01333)
Saccheri, I. & Hanski, I. 2006 Natural selection and
population dynamics. Trends Ecol. Evol. 21, 341–347.
(doi:10.1016/j.tree.2006.03.018)
Sgro, C. M. & Hoffmann, A. A. 2004 Genetic correlations,
tradeoffs and environmental variation. Heredity 93,
241–248. (doi:10.1038/sj.hdy.6800532)

Downloaded from rspb.royalsocietypublishing.org on June 24, 2011

Review. Adaptation to climate change
Sheldon, B. C., Kruuk, L. E. B. & Merila, J. 2003 Natural
selection and inheritance of breeding time and clutch size
in the collared flycatcher. Evolution 57, 406–420.
Silverin, B., Massa, R. & Stokkan, K. A. 1993 Photoperiodic
adaptation to breeding at different latitudes in great tits.
Gen. Comp. Endocrinol. 90, 14–22. (doi:10.1006/gcen.
1993.1055)
Sparks, T. H., Roy, D. B. & Dennis, R. L. H. 2005 The
influence of temperature on migration of Lepidoptera into
Britain. Glob. Change Biol. 11, 507–514. (doi:10.1111/
j.1365-2486.2005.00910.x )
Stenseth, N. C. & Mysterud, A. 2002 Climate, changing
phenology, and other life history and traits: nonlinearity
and match–mismatch to the environment. Proc. Natl
Acad. Sci. USA 99, 13 379–13 381. (doi:10.1073/pnas.
212519399)
Stevenson, I. R. & Bryant, D. M. 2000 Climate change and
constraints on breeding. Nature 406, 366–367. (doi:10.
1038/35019151)
Thomas, C. D. & Lennon, J. J. 1999 Birds extend their ranges
northwards. Nature 399, 213. (doi:10.1038/20335)
Thomas, C. D. et al. 2004 Extinction risk from climate
change. Nature 427, 145–148. (doi:10.1038/nature02121)
van Asch, M., van Tienderen, P. H., Holleman, L. J. M. &
Visser, M. E. 2007 Predicting shifts in phenology in
response to climate change, an insect herbivore example.
Glob. Change Biol. 13, 1596–1604. (doi:10.1111/j.13652486.2007.01400.x)
van der Jeugd, H. P. & McCleery, R. 2002 Effects of spatial
autocorrelation, natal philopatry and phenotypic plasticity
on the heritability of laying date. J. Evol. Biol. 15,
380–387. (doi:10.1046/j.1420-9101.2002.00411.x)
van Noordwijk, A. J. 2006 Are unseen effects of early
environment negligible? Three examples in great tits
(Parus major). Acta Zool. Sin. 52(Suppl.), 675–677.
van Noordwijk, A. J. & Muller, C. B. 1994 On adaptive
plasticity in reproductive traits, illustrated with laydate in
the great tit and colony inception in a bumble bee. In
Animal societies individuals, interactions and organization
(eds P. Jarman & A. Rossiter), pp. 180–194. Kyoto, Japan:
Kyoto University Press.
van Noordwijk, A. J., van Balen, J. H. & Scharloo, W. 1981
Genetic variation in the timing of reproduction in the great
tit. Oecologia 49, 158–166. (doi:10.1007/BF00349183)
Visser, M. E. & Both, C. 2005 Shifts in phenology due to
global climate change: the need for a yardstick. Proc. R.
Soc. B 272, 2561–2569. (doi:10.1098/rspb.2005.3356)
Visser, M. E. & Holleman, L. J. M. 2001 Warmer
springs disrupt the synchrony of oak and winter moth
phenology. Proc. R. Soc. B 268, 289–294. (doi:10.1098/
rspb.2000.1363)

Proc. R. Soc. B (2008)

M. E. Visser

659

Visser, M. E. & Lambrechts, M. M. 1999 Information
contraints in the timing of reproduction in temperate zone
birds: great and blue tits. In Proc. 22nd Int. Ornithol. Congr.
Durban (eds N. J. Adams & R. H. Slotow), pp. 249–264.
Johannesburg, South Africa: BirdLife.
Visser, M. E. & Lessells, C. M. 2001 The costs of egg
production and incubation in great tits (Parus major). Proc.
R. Soc. B 268, 1271–1277. (doi:10.1098/rspb.2001.1661)
Visser, M. E., van Noordwijk, A. J., Tinbergen, J. M. &
Lessells, C. M. 1998 Warmer springs lead to mistimed
reproduction in great tits (Parus major). Proc. R. Soc. B
265, 1867–1870. (doi:10.1098/rspb.1998.0514)
Visser, M. E. et al. 2003 Variable responses to large-scale
climate change in European Parus populations. Proc. R.
Soc. B 270, 367–372. (doi:10.1098/rspb.2002.2244)
Visser, M. E., Both, C. & Lambrechts, M. M. 2004 Global
climate change leads to mistimed avian reproduction. Adv.
Ecol. Res. 35, 89–110.
Visser, M. E., Holleman, L. J. M. & Gienapp, P. 2006 Shifts
in caterpillar biomass phenology due to climate change
and its impact on the breeding biology of an insectivorous
bird. Oecologia 147, 164–172. (doi:10.1007/s00442-0050299-6)
Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C.,
Beebee, T. J. C., Fromentin, J. M., Hoegh-Guldberg, O. &
Bairlein, F. 2002 Ecological responses to recent climate
change. Nature 416, 389–395. (doi:10.1038/416389a)
Wijngaarden, P. J. & Brakefield, P. M. 2001 Lack of response
to artificial selection on the slope of reaction norms for
seasonal polyphenism in the butterfly Bicyclus anynana.
Heredity 87, 410–420. (doi:10.1046/j.1365-2540.2001.
00933.x)
Wilson, S. & Arcese, P. 2003 El Nino drives timing of
breeding but not population growth in the song sparrow
(Melospiza melodia). Proc. Natl Acad. Sci. USA 100,
11 139–11 142. (doi:10.1073/pnas.1931407100 )
Wilson, A. J., Pemberton, J. M., Pilkington, J. G., Coltman,
D. W., Mifsud, D. V., Clutton-Brock, T. H. & Kruuk,
L. E. B. 2006 Environmental coupling of selection and
heritability limits evolution. PLoS Biol. 4, 1270–1275.
(doi:10.1371/journal.pbio.0040216 )
Wingfield, J. C., Visser, M. E. & Williams, T. D. 2008
Integration of ecology and endocrinology in avian
reproduction: a new synthesis. Phil. Trans. R. Soc. B 363,
425–441. (doi:10.1098/rstb.2007.2149)
Yom-Tov, Y., Yom-Tov, S., Wright, J., Thorne, C. J. R. &
Du Feu, R. 2006 Recent changes in body weight and wing
length among some British passerine birds. Oikos 112,
91–101. (doi:10.1111/j.0030-1299.2006.14183.x )

