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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 POTENTILLA PULCHERRIMA (ROSACEAE) 

AT OPPOSITE ENDS OF A SUBALPINE 

SNOWMELT GRADIENT' 

KRISTINA A. STINSON2 

Ecology and Evolutionary Biology, Princeton University. Princeton. New Jersey 08544 USA and Rocky Mountain Biological 
Laboratory (RMBL). Gothic, Colorado 81224 USA 

In high altitude plants, flowering quickly ensures reproductive success within a short snow-free period, but limits maturation time 
and fecundity. Natural selection on prefloration intervals may therefore vary in contrasting snowmelt environments and could influence 
the outcome of phenological responses to climatic change. This study investigated adaptive differentiation and 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 altitudes expressed similar prefloration 
intervals and plasticity when grown at common altitude, indicating no evidence for adaptive differentiation. 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 reproduction was adaptive in response to late snowmelt. but slower reproduction in response to earlier snowmelt 

appeared to be maladaptive. Selection differed marginally between late snowmelt years and dry ones. Plastic responses to future 

precipitation patterns may 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 proper timing 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 envi- 
ronment in which reproduction takes place, flowering phenol- 
ogy 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 like- 
lihood of seed predation (Gross and Werner, 1983; Brody, 
1997). Quick or slow flowering also determines the allocation 
of resources to growth vs. reproductive output (Reekie and 
Bazzaz, 1987; Kozlowski, 1992; Molau, 1993). While ecotyp- 
ic differentiation in flowering times is common in natural plant 
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 underlying developmental rates that determine the chro- 
nological timing of reproduction (Diggle, 1999). During each 
growing season, developmental signals to switch meristem al- 
location from growth to reproduction may involve both genetic 
and environmental cues (Geber, 1990; Stratton, 1998; Simpson 
and Dean, 2002; Yanovsky and Kay, 2002). The duration of 

the prefloration and other intervals may therefore be plastic 
(Aydelotte and Diggle, 1997; Luzar, 2001) or genetically fixed 
(Sorensen, 1941). 

Rapidly changing precipitation, temperature, and other cli- 
matic factors over the next century (Houghton et al., 1996) 
are likely to destabilize seasonal and genetic cues for devel- 
opmental shifts between growth and reproduction each year 
(e.g., Inouye et al., 2002). Altered maturation rates may in turn 
affect reproductive output, interactions among species, and the 
overall functioning of ecosystems. It is therefore important to 
understand the extent of environmental and evolutionary pro- 
cesses governing variation in the prefloration interval. 

Temperate mountain and polar regions may be particularly 
susceptible to a rapidly changing environment because 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; Theurillat and Guisan, 2001; Inouye et al., 
2002). Spatial and temporal patterns of snow pack, rather than 
photoperiod, strongly influence the date and abundance of 
flowering in these systems (Inouye and McGuire, 1991; Walk- 
er et al., 1995; Inouye et al., 2002). Variation among arctic 
and alpine species suggests that trade-offs between growth and 
reproduction have led to divergent strategies for ensuring re- 
productive success in early and late melting sites (Molau, 
1993; Prock and Kbrner, 1996; Theurillat and Schltissel, 
2000). "Pollen-risk" species flower quickly to ensure matu- 
ration of seeds within a short growing season, but they risk 
reduced pollination success, small size at reproduction, and/or 
low seed numbers (Waser, 1978; Stenstrom and Molau, 1992; 
Molau, 1993; Totland, 1997; Gugerli, 1998; Totland and 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 prior to fruit maturation (Mo- 
lau, 1993; Galen and Stanton, 1995). 
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Within a species, adaptive modifications to the prefloration 
interval may arise from phenotypic plasticity, genetic varia- 
tion, or both. While snowmelt generally occurs later with in- 
creasing altitude, environmental conditions can also change 
dramatically over very short distances and from year to year 
within a site (Sorensen, 1941; Inouye and McGuire, 1991: Ga- 
len and Stanton, 1995; Wagner and Mitterhofer, 1998; Inouye 
et al., 2002). Plastic phenological responses to spatial and tem- 
poral 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 differentiation in reproductive dates can arise 
along local and altitudinal snowmelt gradients, particularly if 
spatial separation of reproductive events 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; Wagner and Mit- 
terhofer, 1998). The magnitude and direction of natural selec- 
tion on a given trait may also vary considerably among con- 
trasting habitats (Bennington and McGraw, 1995; Caruso, 
2001) and in climatically different years (Kalisz, 1986). 

The extent to which plants in high altitude systems can en- 
dure climatic changes will therefore depend upon the potential 
for adaptive plasticity and/or genetic changes in reproductive 
phenology under new environmental conditions (Geber and 
Dawson, 1993). An initial step towards understanding evolu- 
tionary potential within extant populations is to examine re- 
lationships between size, reproductive maturation rates, and 
fitness under natural and experimental conditions. It is possible 
to infer that a trait is adaptive when there are strong correla- 
tions between that character and a fitness estimator (Lande and 
Arnold, 1983; Mitchell-Olds and Shaw, 1987). For instance, 
strong, negative relationships between prefloration times and 
seed numbers would indicate that quick flowering is adaptive 
in a given environment. Such work can greatly enhance tra- 
ditional measures of phenological variation along high altitude 
snowmelt gradients by directly testing hypotheses about the 
adaptive significance of flowering quickly or slowly in differ- 
ent environments. However, despite their potential importance 
for understanding plant responses to future selective regimes, 
very few studies have made direct measures of phenotypic 
plasticity and natural selection on the reproductive phenology 
within high altitude species, particularly while accounting for 
possible relationships between size and the timing of repro- 
duction (Stanton et al., 1997; Totland, 1999). 

In this study, I used three years of field observations, phe- 
notypic selection-regression techniques (Lande and Arnold, 
1983; Mitchell-Olds and Shaw, 1987), and a classical common 
garden experiment to test for ecotypic differentiation and/or 
adaptive plasticity in the prefloration interval of the subalpine 
plant Potentilla pulcherrima Lehmann (Rosaceae). This her- 
baceous, long-lived perennial plant is found primarily in 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 Mountain range, this spe- 
cies is found between 2200 and 3700 m in altitude, in sites 
with relatively deep soils and regular accumulation of winter 
snow pack (Weber and Wittmann, 1996). It tends to dominate 
or co-dominate in mixed perennial communities, along with 
occasional shrubs, grasses, sedges, and other angiosperms such 

as Delphinium nutallianum, Frasera speciosa, Ipomopsis ag- 
gregata. Helianthella quinqenetrvis and Erigeron speciosus. 
Within the subalpine zone, lower altitude meadows are typi- 
cally released earlier from snow cover than those at higher 
altitudes. As altitude increases, vegetation density and tem- 
perature tend 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 moisture yet provide a shorter snow-free 
period. Microtopographical exposure gradients create smaller- 
scale variation in snowmelt timing within each altitude that 
may offset the general altitudinal patterns. For instance, sparse 
vegetation and dry conditions can predominate on early melt- 
ing slopes at the lower altitudes, whereas lush vegetation may 
predominate in warmer, early melting sites at higher altitudes. 

Utilizing the natural variation in snowmelt timing found 
across P. pulcherrilma's altitudinal range, I asked the follow- 
ing: (1) Does the prefloration interval differ among altitudes, 
and if so, is this variation due to ecotypic differentiation, phe- 
notypic plasticity, or both? (2) Does natural selection on the 
prefloration interval indicate that these differences in phenol- 
ogy are adaptive? 

MATERIALS AND METHODS 

Field observations-Fifteen natural populations of P. pulcherrilma in west 

central Colorado. USA. were studied for three consecutive years (1994-1996). 

Study populations were located along an altitudinal gradient in the Gunnison 
National Forest in western Colorado. Five 20 x 5 m2 plots were constructed 
within randomly selected subalpine meadows at each of three altitudes: 2600- 
2900 m (low). 2900-3200 m (intermediate). and 3200-3600 m (high). Plots 
were evenly divided into eight sections for environmental measurements. 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 

permanently tagged (125 per altitude) for weekly phenology censuses and 
size measurements. The following phenological variables were recorded in 
the field: date of first spring foliage appearance (emergence date), number of 

flowers, and number of fruits. Initial and peak reproduction dates and the 
number of days from emergence date to full flowering (prefloration interval) 
were derived from these data. Individual fitness was estimated as the total 
number of ripened fruits (number of fruits) harvested from each plant at each 
census. Potentilla is acrocarpous. producing a large number of distinct indi- 
vidual 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 correlated with dry biomass (Stinson, 1998). 

Common garden experiment-Three 12 x 15 m transplant gardens were 
constructed along an exposure gradient from approximately 2870 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 marked P. pulcher- 
rimal adults from each altitude were excavated prior to emergence from their 
native sites and were temporarily protected by a thin layer of snow. Thirty 
replicate plants from each altitude were then transplanted in a Latin-square 
design into each garden (3 gardens x 3 altitudes x 30 replicates per 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 emer- 

gence date. flowering date. prefloration interval, leaf area. and fecundity mea- 
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TABLE 1. 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. 

Percentage Percentage Reproducti\ve Pre- Seasonal 
Date of of soil Soil of plant date reproductive live shoot Leaf area Total fruits 

Effect snowmelt moisture temperature cover (julian date) intcr\al (d) interval (d) (cmW ) (number) 

Year 356.73*** 20.56*** 2.23 5 1.32** 113 1.809** 18356** 26.25** 33.78* 13.75*** 
Altitude 92.83*** 1.16 4.59* 0.32 1 1.68*' 80.67***- 67. 2*** 30.64*** 8.24* 
Plot [altitude] 2.14* 3.19** 0.75 1.14 6.08*** 1.54 1.56 7.28'* 3.11** 
Year X altitude 1.81 1.46 1.16 1.27 4.40** 2.28 16.76:** 1.24 3.48* 
Year x plot [altitude] 13.28*** 2.36*** 0.19 0.84 4.60*** 4.92*** 3.633** 1.46 1.66* 

surements as described earlier. Snowmelt dates were recorded within each 
quadrant as the date of first appearance of bare ground in 1996 and 1997. 
Weekly gravimetric soil moisture measurements were 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 compared using an analysis of variance model with 
fixed main effects: year, altitude, and the year x altitude interaction term. 
Plot number was included as a nested, random effect in the model to control 
for environmental variability within altitudes. The effect of altitude was tested 
over the nested factor, plot. The model also included the random crossed effect 
of year X plot, which was used as the denominator mean 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 environmental variation among 
years precludes the assumption that responses of individual plants are parallel 
through time (Sokal and Rohlf, 1995, pp. 345-346). Large differences among 
years warrant the consideration of year X altitude and year x plot interactions 
as separate terms, rather than as error (Sokal and Rohlf. 1995. pp. 342-346). 
Tukey's HSD post-hoc analyses were applied to significant effects when com- 
parisons between years, altitudes, and/or plots within each altitude were nec- 
essary. To test for direct effects of environmental variation on plant perfor- 
mance, all environmental variables differing within or among altitudes were 
regressed against each measured plant trait. Forward stepwise regression was 
used to determine the best fit model without establishing a priori relationships 
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. inter- 
mediate, and late) for analysis. To capture potential effects of among-garden 
variation in soil moisture, plant variables were analyzed with a two-way AN- 
COVA (altitude of origin X garden) using soil moisture as a covariate. Using 
this model, two comparisons were made in order to 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 transplant gardens 
would demonstrate ecotypic differentiation, whereas no effect of altitude 
would indicate plasticity for that trait. A second measure of phenotypic plas- 
ticity 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 
environmental heterogeneity among the different gardens. An effect of garden 
number on a given trait was thus interpreted as evidence for plasticity in 
response to local snowmelt and soil moisture conditions in early. intermediate, 
and late melting common gardens. In both cases, plasticity was measured in 
the broadest sense (population level) and not in the narrow sense (genotypic 
level) (e.g., Bradshaw, 1965). Differences within and among the common 
gardens were compared with Tukey's HSD post-hoc analyses. 

Phenotypic selection regression analyses (Lande and Arnold. 1983) were 
conducted on both in situ and experimental plants 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. Standardized linear 
(directional) selection differentials (i) were estimated as the covariance be- 

tween relative fitness and the standardized values for prefloration interval and 
leaf area. Selection differentials estimate the total selection on a trait, includ- 

ing both direct selection and indirect selection acting on correlated traits. 
Standardized linear (directional) selection coefficients (P) were derived from 

multiple regressions of relative fitness on the prefloration interval and leaf 
area. Selection coefficients describe the direct selection on a trait, after ac- 

counting for selection on other traits included in the model. 
Estimates of total and direct selection were obtained for in situ plants from 

1994 to 1996. Selection differentials (s) and selection coefficients (P) were 
calculated separately in each year and for each elevation. To measure selection 
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 produced by all individuals in that altitude. Because selection may occur 
at different spatial scales, relative fitness was also measured across the entire 

gradient. Relative fitness across all altitudes was calculated by dividing the 
total number of fruits produced by an individual by the mean number of fruits 
of all individuals from all altitudes within a given year. Heterogeneity of 

slopes tests (ANCOVA) were used to test whether relationships between rel- 
ative fitness and the measured traits differed among altitudes and 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 
fixed effect to control for environmental differences among gardens. AN- 
COVA models were used to test whether relationships between relative fitness 
and the measured traits differed among altitudes and among gardens. 

RESULTS 

Field observations-The main environmental differences 
along the altitudinal gradient were date of snowmelt and soil 
moisture (Table 1). High altitude plots emerged from snow 
cover - 13 d later than intermediate altitude plots, and inter- 
mediate plots emerged 

--11 
d later than low altitude plots. 

The average dates of snow disappearance were 12 May 1994, 
13 June 1995, and 15 May 1996 at low altitude; 28 May 1994, 
23 June 1995, and 29 May 1996 at intermediate altitude; 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-high snow accumulation during the preced- 
ing winter, as reported in weather records maintained by 
RMBL (B. Barr, RMBL, personal communication). Interan- 
nual variation in soil moisture was 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 significant effect on mean soil moisture, percentage soil 
water content was lower and declined more rapidly in the in- 
termediate and early altitudes compared to high altitudes in all 
years, as shown for 1996 (Fig. 1). Effects of plot on snowmelt 
timing and soil moisture were explained primarily by hetero- 
geneity among intermediate altitude plots during 1995 and 
1996. Soil temperatures ranged from ~-5 to 220C throughout 
the growing season, with slightly lower temperatures at 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 gravimetric data. The x-axis is the number of days from the mean 
snowmelt date at each altitude. Closed symbols correspond to low altitude: 
grey symbols correspond to intermediate altitude; open symbols correspond 
to high altitude. 

altitude compared to the low and intermediate altitudes. Veg- 
etative cover ranged from 60% to 100% and was similar across 
altitudes. A reduction of plant cover during the drought year 
was attributed to reduced foliage and early plant senescence 
at the time of measurement. 

Field populations expressed interannual and altitudinal dif- 
ferences in all of the measured traits (Table 1). Tukey's HSD 
post-hoc analyses revealed differences (P < 0.05) among al- 
titudes and among years as follows. The prefloration interval 
was shorter at progressively higher altitude, and these differ- 
ences were conserved from year to year (Fig. 2a). Leaf area 
and number of fruits declined with progressively higher alti- 
tudes (Fig. 2b, c). Plants at low altitude reduced fruit produc- 
tion in 1994, but increased total leaf area and number of fruits 
during the late snowmelt year, 1995. Dates of reproduction 
(Fig. 2d) were later at high altitude compared to the interme- 
diate 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 three- 
way interaction term on number of fruits and reproductive 
dates. Tukey's HSD (P < 0.05) tests revealed that dates of 
reproduction differed among plots within the high altitude: 
earliest reproduction occurred 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 al- 
titude plots in 1994. The year X altitude interaction effect on 
fruit number was explained by directional shifts in trait values 
among altitudes in the late snowmelt year: a reduction in fe- 
cundity in the intermediate and high altitudes in 1995 was 
accompanied by increased fecundity at low altitude. 

Snowmelt date and soil moisture were the only environ- 
mental variables to affect the measured plant traits in the for- 
ward-stepwise regression analysis. Estimates for snowmelt 
date and soil moisture were different from zero in the final 
regression models for the prefloration interval and leaf area 
(Table 2), demonstrating that phenology and size are related 
to those environmental factors. Snowmelt date was the only 
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Fig. 2. Means (i+I SE) of plant characters for 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) al- 
titude. The prefloration interval (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. 

parameter to affect fruiting date. None of the regression mod- 
els yielded significant parameter estimates for environmental 
effects on total number of fruits. 

Phenotypic selection within and among altitudes-Phe- 
notypic selection analyses demonstrated strong relationships 
between prefloration intervals, plant size, and relative fitness 
in the field (Table 3a). The overall directional selection coef- 
ficient and the overall selection differential were both signifi- 
cantly positive when all altitudes were included in the analysis. 
This positive relationship between prefloration interval and 
relative fitness was driven by longer mean reproductive inter- 
vals and higher mean fecundity at progressively lower alti- 
tudes (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 shorter prefloration intervals within each altitude sep- 
arately. Selection coefficients and differentials for the preflor- 
ation interval were significantly negative in the low and high 
altitudes, but did not differ from zero in the intermediate al- 
titude. Selection generally acted in the direction of larger size, 
irrespective of altitude. Selection coefficients and differentials 
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TABLE 2. 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 Soil moisture 

Plant trait Estimate F Estimate F R2 P 

Prefloration interval -0.28 16.91 +1.01 5.29 0.29 <0.001 
Leaf area - 11.17 21.55 +45.13 8.36 0.34 <0.001 
Flowering date +0.69 97.97 63.86 1.51 080 <0.001 
Number of fruits 0.049 - 0.25 - NS 

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 prefloration interval were 
negative in 1995, but did not differ from zero during the 
drought year, 1994. A heterogeneity of slopes test on the 1994, 
1995, and 1996 selection regression equations revealed nearly 
significant interannual effects on the relationship between pre- 
floration interval and relative fecundity (ANCOVA for effects 
of prefloration interval, altitude, year, and all interaction terms: 
Fpre-repro = 20.41, P < 0.001; Fpre-reproxyear = 2.33, P = 0.08; 
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 altitudes in 
both the drought and late snowmelt years. Slopes of the size- 
fitness 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; 
Fquad[garden] = 2.05, P < 0.01). Soil moisture ranged from 5% 
to 19% in all gardens throughout the season and varied within 
and among gardens (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 alti- 

TABLE 3. Selection gradients measuring the magnitude of direct selec- 
tion (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. 

Prefloration interval (d) Leaf area (cm2') 

Native altitude (3) (g) (p) (g) 

(a) Field observations 
Low -0.14** -0.14** -0.03 +0.21** 
Intermediate -0.08 -0.06 +0.31** +0.31** 
High -0.25** -0.22** +0.48** +0.12** 
All +0.25** +0.24** +0.01 +0.30** 

(b) Common garden experiment 
Low -0.27** -0.26* +0.13** +0.13 
Intermediate -0.22 -0.40** +0.56* +0.66** 
High -0.32** -0.44** +0.22** +0.38** 
All -0.28** -0.38** +0.34** +0.42** 

tudes in each garden 
(F,ltitude = 3.26, P = 0.04, Fgarden - 2.61, 

P = 0.08, Faltitudexgarden, P = 0.24), indicating that the observed 
in situ size differences were due to ecotypic variation among 
altitudes. Plants from all altitudes expressed similar preflora- 
tion intervals, dates of reproduction, and number of fruits 
within each garden, demonstrating no ecotypic differentiation 
for phenology or fecundity at the experimental altitude. Alti- 
tude X garden interactions on number of fruits and fruiting 
date were nonsignificant at the P < 0.05 level, further indi- 
cating no differences among populations in the level of plas- 
ticity expressed for these traits. The only trait expressing plas- 
ticity among gardens was the prefloration interval (Fig. 3). 
Plants in the earliest melting gardens demonstrated longer pre- 
floration intervals than those in later melting gardens, regard- 
less 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 prefloration interval, 
in response to early, intermediate, and late snowmelt among 
experimental gardens. 

Comparisons of directional selection coefficients in the 
common garden experiment revealed similar responses among 
plants from each altitude (Table 3b). Overall and separate di- 
rectional selection coefficients and differentials were negative 
for the prefloration interval and positive for leaf area in all 
cases. Heterogeneity of slopes tests on the regression equations 
for each altitude and for each garden were not significant, in- 
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Fig. 3. Prefloration interval for Potentilla pulcherrima in the common 
garden experiment. Mean (+ 1 SE) number of days from emergence to repro- 
duction in early-, intermediate-, and late-melting common gardens. Each line 
connects the mean values for populations from low (closed symbols), inter- 
mediate (gray symbols). and high (open symbols) altitude. 
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dicating no effects of native altitude or garden on the selection 
regression results. Natural selection on phenological plasticity 
therefore did not differ among altitudes, but rather favored 
shorter prefloration intervals irrespective of native or local 
snowmelt conditions. Compression of the prefloration interval 
by plants from lower altitudes at the experimental altitude may 
therefore be considered adaptive, while the lengthening of this 
interval by plants from higher altitudes appears to be a non- 
adaptive response. 

DISCUSSION 

Although average size, prefloration interval, and fecundity 
were all reduced in progressively later melting sites, direct 
selection (R) and indirect selection (3) favored shorter preflor- 
ation intervals at both ends of the altitudinal gradient. Thus, 
there were significant fitness advantages to shorter prefloration 
intervals in both early and late melting sites, even after ac- 
counting for strongly positive selection on size. Because high- 
er altitude sites are characterized by progressively later snow- 
melt, this negative trend between fecundity and prefloration 
interval length at high altitudes supports the hypothesis that 
rapid reproduction evolves in response to shorter growing sea- 
sons (Molau, 1993; Theurillat and Schliissel, 2000). The com- 
mon garden experiment demonstrated that accelerated repro- 
duction in later melting sites can be attributed to phenotypic 
plasticity, rather than genetically determined periodicity. Neg- 
ative selection on the prefloration interval in the experimental 
plants confirmed that this plasticity is in an adaptive direction. 
Previous work suggests that high-altitude populations of other 
alpine and subalpine species can compensate for short growing 
seasons by accelerating seasonal carbohydrate cycles (Mooney 
and Billings, 1961; Bliss, 1985; Starr et al., 2000) and by 
reproducing more rapidly than their lower altitude counter- 
parts. While many studies have documented altitudinal varia- 
tion in fecundity and reproductive dates (Galen and Stanton., 
1991; Kudo, 1991, 1992, 1993; Galen and Stanton, 1995; 
Pickering, 1995; Levesque et al., 1997), whether and how 
plasticity in maturation rates affect the chronological sequence 
of development is virtually unknown in these systems (Diggle. 
1999). The duration of growth and the reproductive interval 
have been experimentally altered in some species (Molau and 
Shaver, 1997; Welker et al., 1997; Price and Waser, 1998; Tot- 
land, 1999; Sandvik and Totland, 2000), whereas others ex- 
press 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 nat- 
ural selection and plasticity on the prefloration interval and 
therefore provides an adaptive mechanism for accelerated re- 
productive phenology in late melting populations of a single 
species. 

It has been suggested that rapid reproduction at higher al- 
titudes, compared to slower reproduction at lower altitudes,. 
represents a fitness trade-off between size at reproduction and 
the ability to reach maturity quickly (Clausen et al., 1948; 
Holway and Ward, 1965a; Kudo, 1992; Stenstrom and Molau, 
1992; Molau, 1993; Levesque et al., 1997; Theurillat and 
Schltissel, 2000). However, there was no evidence for diver- 
gent allocation strategies in early vs. late melting sites (Theu- 
rillat and Schliissel, 2000). This study accounted for correla- 
tions between size and phenology by including total leaf area 
in the measurement of directional selection coefficients (f3). 
Whereas a directional change in P would indicate evolutionary 

trade-offs between habitats (Mitchell-Olds and Shaw, 1987), 
the negative coefficients at all altitudes indicate that selection 
on the prefloration interval is not constrained by positive se- 
lection on size. The fact that selection differentials and coef- 
ficients were negative in the experimental gardens, regardless 
of positive correlations between fecundity and size, also in- 
dicates size and prefloration interval are not genetically cor- 
related. This contrasts with theoretical predictions that cumu- 
lative allocation to growth should determine the time of re- 
productive maturity (Bazzaz and Ackerly, 1992; Kozlowski, 
1992: Prock and K6rner, 1996) and suggests instead that size- 
dependent fecundity does not dictate selection on the timing 
of reproduction in all environments (Schmid and Weiner, 1993; 
Callahan and Pigliucci, 2002). 

Given that longer growing seasons result in higher fecundity 
and longer prefloration intervals in P. pulcherrinma across its 
range, negative selection on the prefloration interval at the low 
altitude was perhaps more surprising. Even more striking was 
the fact that the plastic response of lengthening the prefloration 
interval at the experimental altitude did not appear to be adap- 
tive, because of the consistently strong negative selection on 
this trait. The most likely explanation for selection on rapid 
reproduction in earlier melting sites is the late-season declines 
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; Ehleringer and Miller, 1975; Isard, 
1986; Friend and Woodward, 1990), and some high altitude 
species have been shown to reproduce earlier in drier years 
(Holway and Ward, 1965a). For P. pulcherrinma, the regression 
of plant traits on environmental factors demonstrates that leaf 
area and prefloration intervals were negatively related to snow- 
melt 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 temperature affected the 
prefloration interval in this system. Moreover, comparisons of 
phenotypic selection coefficients showed no evidence that nat- 
ural selection on the prefloration interval differed between the 
high and low altitudes. It is therefore possible to conclude that 
opposing temporal constraints at the lower and upper ends of 
the altitudinal gradient exert similar selective pressures on 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 repro- 
ducing individuals. While it is well established that annual 
schedules for release from snowpack can have dramatic effects 
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 underscore the importance of other factors, such as sea- 
sonal soil moisture declines, which can limit growth (Holway 
and Ward, 1965b: Walker et al., 1993; Price and Waser, 1998), 
and thereby determine the functional endpoint of the growing 
season. These results agree with the cautionary prediction that 
high altitude plant responses to climatic changes will depend 
upon multiple factors (Henry and Molau, 1997; Welker et al., 
1997; Price and Waser, 1998; Sandvik and Totland, 2000; Starr 
et al., 2000). Moreover, the results demonstrate that accurately 
predicting the effects of altered growing season lengths will 
require more careful consideration of late season conditions in 
the subalpine zone. 

Contraction of the prefloration interval in later melting gar- 
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dens further demonstrates that plastic changes in phenology 
are elicited by only a few days' difference in snowmelt timing 
within the subalpine zone, where both local and altitudinal 
heterogeneity can be quite large. This is notable, since the few 
studies concerned with small-spatial-scale, adaptive responses 
to snowmelt have focused on alpine tundra species (e.g., Galen 
and Stanton, 1993). Elongation of the prefloration interval in 
the earlier melting gardens may also be explained by small- 
scale and/or interannual heterogeneity in the environment. One 
possibility is simply that development is slowed by drought 
or other physiological stresses in earlier melting sites, such as 
fine-scale variation in temperature that were not detected here 
(Molau, 1997; Sandvik and Totland, 2000). Alternatively, 
slowing reproduction in response to early snowmelt may be 
favorable over the lifetime of these long-lived perennials due 
to unpredictable interactions between spatial and interannual 
variation in snowmelt (Serensen, 1941), even though it was 
not adaptive in the year of the study. A major limitation in the 
interpretation of phenotypic selection analyses is that they as- 
sume 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 al- 
tered annual precipitation patterns can have inconsistent ef- 
fects on flowering times and other life history characters of 
high altitude plants (Inouye and McGuire, 1991; Walker et al., 
1995). In this study, interannual effects on selection were mar- 
ginally detectable within three years of observation and may 
vary considerably over the decade or longer lifespan of Po- 
tentilla, as well as many other subalpine perennials. 

Information on genetic structure and outcrossing rates could 
provide additional insight into selection on prefloration inter- 
vals in P. pulcherrimna. Because the common garden study did 
not test for genotype-by-environment interactions as measured 
by reaction norms (Bradshaw, 1965), the role of narrow sense 
genetic variation within and among altitudes is unclear. Ge- 
notypes may differ in size, prefloration interval, and the 
strength of correlation between these traits (Geber, 1990: Ben- 
nington and McGraw, 1995) and in the degree of plasticity 
expressed in a given environment (Sultan, 1995). Weaker se- 
lection in intermediate sites may be due to contrasting selec- 
tion in microsites (Kalisz, 1986; Bennington and McGraw, 
1995) or to equal fitness advantages from outcrossing with 
either high or low altitude populations. While many Potentilla 
species are capable of selfing, pollinator visitation and out- 
crossing have been shown to enhance seed set in the subarctic- 
subalpine species P. nivea and P. crantzii (Eriksen, 1996; Er- 
iksen and Popp, 2000). Hence, variation in the prefloration 
interval of P. pulcherrima may also involve selection for re- 
productive synchrony both within and between altitudes (Ga- 
len and Stanton, 1995; Pickering, 1995; Brody, 1997). 

In summary, environmental cues at relatively small spatial 
scales, rather than cumulative allocation to growth or geneti- 
cally determined periodicity among populations, appear to 
control the amount of time allocated to growth prior to repro- 
duction in P. pulcherrima. The adaptive nature of these re- 
sponses 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 prefloration interval accompanies predicted 
patterns of earlier snowmelt and drier conditions, despite a 
longer snow-free season in their native habitats. Predicted phe- 
nological responses to single factors, and generalizations even 
for a single species, should therefore be made with extreme 

caution. A better understanding of environmental and genetic 
control over reproductive timing will be valuable for predict- 
ing longer term evolutionary responses of subalpine plants to 
altered and increasingly variable snowmelt patterns in this re- 
gion. 
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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
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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.
This journal is q 2008 The Royal Society
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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 distri-

butions 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. microevolu-

tion (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 instan-

taneously: 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

http://rspb.royalsocietypublishing.org/
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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)).
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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 photo-

period, can be cues, i.e. they contain information about

the future selective environment (Visser & Lambrechts

1999). The environment can, however, also select more

http://rspb.royalsocietypublishing.org/
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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 environ-

ment 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 changeare ‘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 ca1980, 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 inter-

actions). 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 environ-

mental 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 environ-

ment 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.
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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 poten-

tially 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 constrain-

ing 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.
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(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 tempera-

ture, 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 adapta-

tion 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 environ-

ment!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 measure-

ments 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. climate-

controlled 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)
becomes very important to identify the right environ-

mental variables that affect the phenotypes (i.e. the x -axis

of the reaction norm). Ultimately, only detailed knowl-

edge 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 reproduc-

tion 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 multi-

dimensional reaction norms are not only affected by a

number of environmental variables that directly affect the

genotype–phenotype relationship but also the environ-

ment 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.
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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
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(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 instan-

taneous, 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 conse-

quences 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.
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