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Climate change-driven species’ range shifts
filtered by photoperiodism
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Forecasts of species range shifts as a result of climate change are essential, because invasions by exotic species shape
biodiversity and therefore ecosystem functions and services. Ecologists have focused on propagule pressure (for example, the
number of individuals and invasion events), the characteristics of an invading species, and its new abiotic and biotic environ-
ment to predict the likelihood of range expansion and invasion. Here, we emphasize the role of photoperiodic response on the
range expansion of species. Unlike temperature, the latitudinal gradient of seasonal changes in day length is a stable, abiotic
environmental factor that does not change with local or global climate. Predicting range expansions across latitudes and the sub-
sequent consequences for native communities requires a more comprehensive understanding of how species use day length to
coordinate seasonal growth, reproduction, physiology and synchronization of life cycles with interacting individuals and species.

important forces driving species invasions globally and

facilitating the establishment of species into new habitats'.
Climate change is predicted to facilitate range shifts of species espe-
cially across latitudes and altitudes®®. Expansion of species’ ranges
may enrich biota in the new environment®. However, accumulat-
ing evidence also suggests associated risks'’. For example, native
species may become locally extinct within their current ranges
as a result of climate change and the presence of invading spe-
cies, and globally biotas may become homogenized''. Non-native
species are among the major global threats to native biodiversity
and the associated ecosystem functions and services, as they can
consume, parasitize, hybridize with and outcompete native spe-
cies®!®'2, Economic losses due to invasion of non-native species
are estimated as US$13 billion and US$137 billion in Europe and
the United States, respectively'>'.

Here, we focus on the importance of photoperiodism as a key
to predicting climate change-induced range expansion of spe-
cies across latitudes. Existing literature on species range shifts in
changing climates has focused on abiotic and biotic ecological
filters for invading species, but photoperiodism has been largely
ignored. This is especially true for predictions about the impacts
of climate change on species distributions and the community or
ecosystem consequences'>'*?. Changes in temperature or pre-
cipitation expand or contract the favourable climatic window for
species across latitudes in ecological time. However, the gradient
of seasonal changes in day length varies with latitude, and — as
the energy source for primary producers and a seasonal cue for
plants and animals — is a stable abiotic ecological filter’' at both
ecological and evolutionary timescales (Fig. 1). The gradient of
seasonal fluctuation in day length between summer and winter
increases polewards owing to the tilt of the Earth’s axis and ellipti-
cal orbit around the Sun?'. The question we focus on here is: how
well do predictions that fail to capture species’ adaptations to day
length, light intensity and spectral composition forecast the con-
sequences of climate change?

Q griculture, forestry and climate change are among the most

Phenology, life cycles and the evolution of life histories
Phenological timing is crucial for individual fitness, particularly
in higher latitudes where seasonal fluctuations in temperature and
light intensity, duration and spectral composition (that is, ‘qual-
ity’) of light are great (Fig. 1). In temperate and polar zones, sub-
stantial temperature and light fluctuations between summer and
winter determines the optimal time to grow, reproduce, migrate
and become dormant. The relative importance of phenological
events to different life forms depends largely on the life-history
strategies of the organisms, such as length of life cycle, reproduc-
tion strategy and mobility. For example, timing of reproduction is
crucial for annual plants?. The allocation of resources to storage
organs, formation of winter buds and leaf abscission, timing of bud
break and changes in cold hardiness are important for perennial
plants?»*?* The timing of dormancy, hibernation and migration
are also crucial for many animals®?. In general, the shorter the
favourable season becomes towards the poles, the more important
the timing of growth and reproduction, and adaptations to cope
with or avoid cold winter temperatures. Although climate change
may relax temperature barriers, constant latitudinal decrease and
seasonality in day length and light quality remain a challenge for
invading primary producers.

Photoperiodic cues provide accurate and consistent signals to
optimally coordinate phenological events in higher latitudes rela-
tive to other more variable seasonal cues®. Unlike temperature or
precipitation, which can vary seasonally and yearly, day length is
determined by the Earth’s rotation, tilt and position. Responses to
light are ubiquitous for nearly all life forms, and studies of photo-
periodism in insects, endothermic vertebrates and plants are
abundant®-*. However, photoperiodic adaptation varies among
species. For example, plants can be classified as ‘short day, long
day’ and ‘day neutral) and the phenology of many plants is regu-
lated by changes in day length, particularly north and south of the
tropics of Cancer and Capricorn?'. However, documented exam-
ples of photoperiodism in microbes, most invertebrate groups
other than insects and ectothermic vertebrates are scant"?.
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Figure 1| The effect of latitude on the seasonality of day length. Day
length varies insignificantly at lower latitudes, whereas the seasonality
of day length increases polewards. Environments inside the Arctic and
Antarctic circles are characterized by extremes of solar radiation ranging
from the polar day in summer to the polar night in winter, and the shift
between the extremes accelerates polewards?®®'. The reduced light
availability is associated with a proportional increase in the amount of
diffuse blue (400-500 nm) light, and a decrease in the red (660 nm) to
far-red (730 nm) light ratio®°.

Other environmental cues, such as prevailing temperature, often
play a modulating role in most species” adaptations to fluctuating sea-
sonal changes, sometimes interactively with day length and light qual-
ity?"%. For example, flowering of Arabidopsis thaliana is regulated by
distinct but linked pathways detecting cues of light and temperature.
Flowering can be accelerated by a decrease in the ratio of red to far-
red light, but also requires vernalization and autonomous pathways?>.

We propose that the importance of photoperiodic responses in
phenology mirror the organism’s latitudinal distributional range, its
dependence on the Sun as an energy source and the dependence
of its interacting species on photoperiodic cues. Photosynthesizing
plants as primary producers are directly and highly dependent on
light, whereas herbivores, parasitic plants and other organisms are
dependent on light through the food chain. Thus many hetero-
trophic species (for example, pollinators, herbivores and predators)
can also be adapted to photoperiodic cues.

As photoperiodic life-history traits are heritable and polygenic?,
understanding their genetic regulation (for example, genetic vari-
ability, dominance, pleiotropy and epistasis) is needed to predict
which species are likely to shift across latitudes. Genetically based
and adaptive photoperiodic responses to climate change have
been documented, for example, in the North American mosquito
(Wyeomyia smithii), European blackcap (Sylvia atricapilla), Yukon
red squirrel (Tamiascurus hudsonicus), European great tit (Parus
major), European barn swallow (Hirundo rustica) and fruit flies
(Drosophila spp.)*-*". We propose that in some cases genetic mecha-
nisms may promote or constrain the adaptive evolution of the spe-
cies”*, and thereby range shifts of the species.

Climate change increases mistiming?

Climate change has been demonstrated to produce trophic desyn-
chronization in herbivorous insects, migratory birds and aquatic
communities* . Phenologies of many species have changed in
response to climate change, particularly in higher latitudes in the
Northern Hemisphere. However, the degree of phenological shift
varies among species because they use different environmental cues
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to time phenological events**. For example, climate change can
cause local extinction of herbivores that are adapted to feed on very
young host leaves as larvae, if larval emergence tracks temperature
but budburst is triggered by photoperiodism*. Similarly for migra-
tory birds, increased mismatches between the timing of migration
and the availability of prey insects can be detrimental to bird popu-
lations*. Here, we propose that mistiming is also likely to modify
plant communities through competition between native and invad-
ing species in changing climates. We expect invasions across lati-
tudes to increase the mistiming of phenologies in communities. This
is because photoperiodism and other environmental cues may have
different importance in the timing of seasonal activities in invading
species compared with native species.

Constraints on invading species and perturbations to native
food webs depend on the potential of traits to evolve rapidly. Recent
evidence suggests that phenological traits have this potential®**.
However, little is known about evolutionary responses to seasonal
changes in day length and light quality. Therefore, it is unclear how
photoperiodism constrains adaptive expansion of individual species
across latitudes.

Invasions from Europe to North America more common?
Although Europe and North America are biogeographically simi-
lar, weed and insect species invasions have been more common
from Europe to North America than the reverse®. This asymmetric
exchange is considered to result from disproportionate propagule
pressure (the number of individuals introduced and the frequency
of introductions), the competitive ability of invaders and the eco-
logical filters of the destination area®*2. We propose that adapta-
tions to seasonal changes in day length and light quality is one of
the key factors limiting the distribution of species invading from
North America to Europe, because comparable climate zones are
present at higher latitudes with higher seasonal variation in day
length and light quality in Western Europe compared with those in
North America owing to Gulf Stream effects (Figs 1 and 2).

Although we expect invasions across latitudes to increase the
mistiming of phenologies in communities, migration to lower lati-
tudes should be more successful than vice versa. Successful migra-
tion to higher latitudes requires adaptations to cope with or avoid
cold winter temperatures and extreme seasonality in day length and
light quality, which can be more critical to successful invasion com-
pared with a limited ability to fully exploit the longer favourable
season in lower latitudes™.

Milder winters are predicted in the future under most scenarios
of global climate change®, which may equalize the trans-Atlantic
exchange of species. However, the successful colonization of North
American species to the climatically equivalent, but higher latitude,
habitats of northern Europe (Fig. 2) may still be inhibited because
of seasonal differences in light energy and quality that affect key ele-
ments of photoperiodism.

Shifts of human-modified habitats
Climate change will geographically shift ecosystem services for the
continuously growing human population. Accumulating evidence
suggests that climate change will increase natural disasters (for exam-
ple, cyclones, droughts and flooding) and lead to increasing degrada-
tion of environments (for example, sea-level rise, coastal erosion and
desertification) especially in the tropics and subtropics, while climate
becomes milder in the high-latitude subarctic and Arctic regions .
Thus, distribution of many plant and animal species, as well as envi-
ronments suitable for agriculture and forestry, will shift to higher lati-
tudes and altitudes* particularly in the Northern Hemisphere, which
has the greater land area (Fig. 2).

A poleward shift in arable environments as a result of climate
change islikely to provide opportunities for the use of unique crop spe-
cies and crop-production technologies in higher latitudes. However,
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Figure 2 | World climate map demonstrating that comparable climate
zones are present at higher latitudes in Western Europe compared with
those in North America. Data taken from the WorldClim Database
(http://www.worldclim.org/).

benefits to food production do not come without associated risks,
such as increasing opportunities for invading species and their likely
negative impacts on system biodiversity and function. Agriculture
and forestry increase habitat attractiveness to invaders by increasing
ecosystem productivity through the energy inputs inherent in crop
production, and by loss of initial genetic, species and habitat richness
of the ecosystems®**”. Many invading species are serious pests and
pathogens affecting both human-made and natural environments.
The success of the invaders in new habitats depends on their ability to
adapt to seasonal changes (largely determined by phenotypic plastic-
ity, genetic variation and gene flow), intra- and interspecific competi-
tion, and timing of trophic interactions.

In the Northern Hemisphere, many tree species were able to
expand their distribution ranges northwards and circumpolarly into
areas scoured by the last major glaciation. This is because tempera-
ture largely determines overwintering, growth and reproduction of
trees?>*8. However, we propose that photoperiodism may slow or con-
strain poleward plant invasions, particularly in the case of trees with
long life cycles, because their phenologies (for example, bud break,
growth, reproduction, leaf senescence) are commonly well-adapted
and timed to prevailing day length and light quality*. Although cross-
latitudinal transplantations of forest trees show some species can suc-
cessfully grow in broader geographical areas, their fitness is often
highest at the home site®**. At higher latitudes, the consequences can
be fatal if species are not adapted to short growing seasons in com-
bination with cold winters®®¢!. Climate change may relax some of
the temperature constraints. However, native species may still retain a
competitive edge because they are adapted to strictly track the photo-
periodic cues at that latitude, which remain the same.

Ultimately, the community-level consequences will largely
depend on the adaptive ability of different species to use altered
environmental cues for seasonal timing of their phenological
traits®>***. The species-specific adaptations of phenological track-
ing of temperature and/or photoperiodic cues®*** play a significant
role in the ability of woody plants to invade polewards and shape
plant communities following climate change. These adaptations also
do apply to silviculture, horticulture and landscaping. For example,
in the horticulturally important family Rosaceae, many tree species
track temperature cues instead of photoperiodic cues in growth
cessation and subsequent adaptation to winter®. In contrast, many
conifers are well known for their adaptations for responding to light
quality and day length®¢->¢_Empirical evidence indicates strong,
population- and species-specific adaptations and show that north-
ern populations are more sensitive in changes in the light environ-
ment, in terms of both day length and light quality®’.

The successful use of crop species in temperate and boreal regions
largely depends, however, on harvested product (for example, seeds,
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tuber, vegetative biomass). For example, plants adapted to long days,
such as wheat, barley and oat, are widely cultivated in boreal regions,
but short-day plants such as potato and field corn (for animal feed
and bioenergy) can also be cultivated in environments where sweet
corn fails because of a short growing season®"°. A more compre-
hensive understanding of photoperiodism may provide invaluable
insights for plant-breeding strategies, which will undoubtedly be
needed for local breeding programmes designed to develop varie-
ties adapted to the prevailing environmental conditions.

Invasions of pests and pathogens are more difficult to accurately
predict based on photoperiod than plants™. Arthropod pests often
have light- and temperature-driven complex life cycles with phases
adapted to different habitats and behaviours™. In contrast, the suc-
cess of microbial pathogens seems to be determined by propagule
pressure and presence of a susceptible host in a favourable environ-
ment, and not by day length. For example, many pathogens such as
potato late blight (Phytophora infestans) and coffee rust (Hemileia
vastatrix) have been shown to be capable of following host plant
introductions into new areas worldwide”.

Conclusions

Day length is the most accurate and consistent environmental cue
in northernmost seasonal environments. Thus, we propose that the
predictions of species invasion success across the latitudes as a result
of climate change are more reliable if photoperiodism is included
in the models. Species’ adaptations to seasonality can readily be
empirically tested and incorporated into existing models forecasting
species range shifts due to climate change. Determining the success
of invading species in new environments, and how they shape bio-
diversity and ecosystem functions and services will require studies
testing (1) how species respond individually and within the context
of the community to increasing seasonal fluctuations in day length,
(2) the genetic bases and phenotypic plasticity of photoperiodism,
and (3) how photoperiodism interacts with climate change to affect
the evolution of life histories, biodiversity and species—species inter-
actions in communities.

References

1. Kitivanek, M., Pysek, P. & Jarosik, V. Planting history and propagule pressure
as predictors of invasion by woody species in a temperate region. Conserv. Biol.
20, 1487-1498 (2006).

2. Webster, C. R., Jenkins, M. A. & Jose, S. Woody invaders and the challenges
they pose to forest ecosystems in the eastern United States. J. Forest.
104, 366-374 (2006).

3. Feehan, J., Harley, M. & van Minnen, J. Climate change in Europe: impact
on terrestrial ecosystems and bio-diversity. Agron. Sust. Dev.
29, 409-421 (2009).

4. Walther, G-R. et al. Alien species in a warmer world: risks and opportunities.
Trends Ecol. Evol. 24, 686-693 (2009).

5. Parmesan, C. & Yohe, G. A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421, 37-42 (2003).

6. Thuiller, W, Lavorel, S., Aratjo, M. B., Sykes, M. T. & Prentice, I. C. Climate
change threats to plant diversity in Europe. Proc. Natl Acad. Sci. USA
102, 8245-8250 (2005).

7. Chen, I. C, Hill, . K., Ohlemiiller, R., Roy, D. B. & Thomas, C. D. Rapid range
shifts of species associated with high levels of climate warming. Science
333, 1024-1026 (2011).

8. Tewksbury, J. J., Sheldon, K. S. & Ettinger, A. K. Moving farther and faster.
Nature Clim. Change 1, 396-397

9. Davis, M. A. et al. Don't judge species on their origins. Nature
474, 153-154 (2011).

10. Sala, O. E. et al. Global biodiversity scenarios for the year 2100. Science
287, 1770-1774 (2000).

11. McKinney, M. L. Urbanization as a major cause of biotic homogenization. Biol.
Conserv. 127, 247-260 (2006).

12. Hulme, P. E,, Pysek, P,, Nentwig, W. & Vila, M. Will threat of biological
invasions unite the European Union? Science 324, 40-41 (2009).

13. Pimentel, D., Lach, L., Zuniga, R. & Morrison, D. Environmental and economic
costs of nonindegenous species in the United States. BioScience 50, 53-65 (2000).

14. Elith, J. et al. Novel methods improve prediction of species’ distributions from
occurrence data. Ecography 29, 129-151 (2006).

2141

© 2012 Macmillan Publishers Limited. All rights reserved



PERSPECTIVE

15.

16.

17.

18.

19.

20.

2

—

22.

23.

24,

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

43.

45.

Thuiller, W. et al. Predicting global change impacts on plant species’ distributions:
Future challenges. Perspect. Plant Ecol. Evol. Syst. 9, 137-152 (2008).

Simberloff, D. The role of propagule pressure in biological invasions. Annu. Rev.
Ecol. Evol. Syst. 40, 81-102 (2009).

Ehrenfeld, J. G. Ecosystem consequences of biological invasions. Annu. Rev.
Ecol. Syst. 41, 59-80 (2010).

Gilman, S. E., Urban, M. C., Tewksbury, J., Gilchrist, G. W. & Holt, R. D. A
framework for community interactions under climate change. Trends Ecol.

Evol. 25, 325-331 (2010).

Lavergne, S., Mouquet, N., Thuiller, W. & Ronce, O. Biodiversity and climate
change: Integrating evolutionary and ecological responses of species and
communities. Annu. Rev. Ecol. Evol. Syst. 41, 321-350 (2010).

Gevrey, M. & Worner, S. P. Prediction of global distribution of insect pest
species in relation to climate by using an ecological informatics method. J. Ecol.
Entomol. 99, 979-986 (2006).

. Nelson, R. J., Denlinger, D. L. & Somers, D. E. (eds) Photoperiodism, the

Biological Calendar (Oxford Univ. Press, 2010).

Simpson, G. G. & Dean, C. Arabidopsis, the Rosetta stone of flowering time?
Science 296, 285-289 (2002).

Sakai, A. & Larcher, W. Frost Survival in Plants: Responses and Adaptation to
Freezing Stress (Springer-Verlag, 1987).

Korner, C. & Basler, D. Phenology under global warming. Science 327,
1461-1462 (2010).

Bradshaw, W. E. & Holzapfel, C. M. Evolution of animal photoperiodism. Annu.
Rev. Ecol. Evol. Syst. 38, 1-25 (2007).

Bradshaw, W. E. & Holzapfel, C. M. Light, time, and the physiology of biotic
response to rapid climate change in animals. Annu. Rev. Physiol.

72, 147-166 (2010).

Putterill, J., Laurie, R. & Macknight, R. It’s time to flower: The genetic control of
flowering time. BioEssays 26, 363-373 (2004).

Berthold, P, Helbig, A. J., Mohr, G. & Querner, U. Rapid microevolution of
migratory behaviour in a wild bird species. Nature 360, 668-670 (1992).
Hard, J. J., Bradshaw, W. E. & Holzapfel, C. M. The genetic basis of
photoperiodism and its evolutionary divergence among populations of the
pitcher-plant mosquito, Wyeomyia smithii. Am. Nat. 142, 457-473 (1993).
Bradshaw, W. E. & Holzapfel, C. M. Genetic shift in photoperiodic response
correlated with global warming. Proc. Natl Acad. Sci. USA

98, 14509-14511 (2001).

. Réale, D., Berteaux, D., McAdam, A. G. & Boutin, S. Lifetime selection on

heritable life-history traits in a natural population of red squirrels. Evolution
57, 2416-2423 (2003).

Nussey, D. H., Postma, E., Gienapp, P. & Visser, M. E. Selection on heritable
phenotypic plasticity in a wild bird population. Science 310, 304-306 (2005).
Schmidt, P. S., Matzkin, L. M., Ippolity, M. & Eanes, W. E. Geographic variation
in diapause incidence, life-history traits, and climatic adaptation in Drosophila
melanogaster. Evolution 59, 2616-2625 (2005).

Bradshaw, W. E. & Holzapfel, C. M. Evolutionary response to rapid climate
change. Science 312, 1477-1478 (2006).

Tauber, E. et al. Natural selection favors a newly derived timeless allele in
Drosophila melanogaster. Science 316, 1895-1898 (2007).

Bradshaw, W. E. & Holzapfel, C. M. Genetic response to rapid climate change:
It’s seasonal timing that matters. Mol. Ecol. 17, 157-166 (2008).

Bradshaw, W. E., Quebodeaux, M. C. & Holzapfel, C. M. Ciracadian
rhythmicity and photoperiodism in the pitcher-plant mosquito: Adaptive
response to the photic environment or correlated response to the seasonal
environment? Am. Nat. 161, 735-378 (2003).

Roff, D. A. The evolution of genetic correlations: An analysis of patterns.
Evolution 50, 1392-1403

Etterson, J. R. & Shaw, R. G. Constrain to adaptive evolution in response to
global warming. Science 294, 151-154 (2001).

Ahlholm, J. et al. Micro-fungi and invertebrate herbivores on birch trees:
Fungal mediated plant-herbivore interactions or responses to host quality?
Ecol. Lett. 5, 648-655 (2002).

. Baer, C. E & Lynch, M. Correlated evolution of life-history with size at maturity

in Daphnia pulicaria: Patterns within and between populations. Genet. Res.

81, 123-132 (2003).

Donohue, K. et al. Environmental and genetic influences on the germination of
Arabidopsis thaliana in the field. Evolution 59, 740-757 (2005).

Bradshaw, W. E., Emerson, K. J. & Holzapfel, C. M. Genetic correlations and the
evolution of photoperiodic time measurement within a local population of the
pitcher-plant mosquito, Wyeomyia smithii. Heredity http://dx.doi.org/10.1038/
hdy.2011.108 (2011).

Dewar, R. C. & Watt, A. D. Predicting changes in the synchrony of larval
emergence and budburst under climatic warming. Oecologia 89, 557-559 (1992).
Visser, M. E., van Noordwijk, A. J., Tinbergen, J. M. & Lessells, C. M. Warmer
springs lead to mistimed reproduction in great tits (Parus major). Proc. R. Soc.
Lond. B. 265, 1867-1870 (1998).

242

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

63.

65.

66.

67.

68.

69.

70.

7

—

72.

NATURE CLIMATE CHANGE poI: 10.1038/NCLIMATE1430

Edwards, M. & Richardson, A. J. Impact of climate change on marine pelagic
phenology and trophic mismatch. Nature 430, 881-884 (2004).

Winder, M. & Schindler, D. E. Climate change uncouples trophic interactions
in an aquatic ecosystem. Ecology 85, 2100-2106 (2004).

Both, C., Bouwhuis, S., Lessells, C. M. & Visser, M. E. Climate change and
population declines in a long-distance migratory bird. Nature 441, 81-83 (2006).
Thomas, C. D. et al. Ecological and evolutionary processes at expending range
margins. Nature 411, 577-581 (2001).

Franks, S. ], Sim, S. & Weis, A. E. Rapid evolution of flowering time by an
annual plant in response to a climate fluctuation. Proc. Natl Acad. Sci. USA
104, 1278-1282 (2007).

. Niemel4, P. & Mattson, W. J. Invasion of North American forests by European

phytophagous insects. Legacy of the European crucible? BioScience

46, 741-753 (1996).

Lockwood, J. L., Cassey, P. & Blackburn, T. The role of propagule pressure in
explaining species invasions. Trends Ecol. Evol. 20, 223-228 (2005).

Maron, J. L., Vila, M., Bommarco, R., Elmendorf, S. & Beardsley, P. Rapid
evolution of an invasive plant. Ecol. Monogr. 74, 261-280 (2004).

IPCC Climate Change 2007: The Physical Science Basis (eds Solomon, S. et al.)
(Cambridge Univ. Press, 2007).

IPCC Climate Change 2007: Impacts, Adaptations and Vulnerability (eds Parry,
M. L., Canziani, O. E, Palutikof, J. P, van der Linden, P. ]. & Hanson, C. E.)
(Cambridge Univ. Press, 2007).

Tilman, D. Community invasibility, recruitment limitation, and grassland
biodiversity. Ecology 78, 81-92 (1997).

Butchart, S. H. M. et al. Global biodiversity: Indicators of recent declines.
Science 328, 1164-1168 (2010).

Dahl, E. On the relationship between summer temperature and the distribution of
alpine vascular plants in the lowlands of Fennoscandinavia. Oikos 3, 22-52 (1951).
Wareing, P. Photoperiodism in woody plants. Annu. Rev. Plant Physiol.
7,191-214 (1956).

Campbell, R. K. & Sorensen, E. C. Cold-acclimation in seedling Douglas-fir
related to phenology and provenance. Ecology 54, 1148-1151 (1973).

. Repo, T, Zhang, G., Ryypp6, A., Rikala, R. & Vuorinen, M. The relation

between growth cessation and frost hardening in Scots pines of different
origins. Trees 14, 456-464 (2000).

Savolainen, O., Pyhdjirvi, T. & Kniirr, T. Gene flow and local adaptation in
trees. Annu. Rev. Ecol. Evol. Syst. 38, 595-619 (2007).

Bigras, F. & D’Aoust, A. L. Influence of photoperiod on shoot and root frost
tolerance and bud phenology of white spruce seedlings (Picea glauca). Can.
J. Forest Res. 23, 219-228 (1993).

. Heide, O. M. Temperature rather than photoperiod controls growth cessation

and dormancy in Sorbus species. J. Exp. Bot. http://dx.doi.org/10.1093/jxb/
err213 (2011).

Taulavuori, E., Taulavuori, K., Niinimaa, A. & Laine, K. Effect of ecotype and
latitude on growth, frost hardiness, and oxidative stress of south to north
transplanted Scots pine seedlings. Int. J. Forest Res. 2010, 162084 (2010).
Taulavuori, K., Sarala, M. & Taulavuori, E. Growth responses of trees to Arctic
light environment. Prog. Bot. 71, 157-168 (2010).

Sarala, M., Taulavuori, E., Karhu, J., Laine, K. & Taulavuori, K. Growth and
pigmentation of various species under blue light depletion. Boreal Environ. Res.
16, 381-394 (2011).

Peltonen-Sainio, P, Jauhiainen, L., Hakala, K. & Ojanen, H. Climate change and
prolongation of growing season: Changes in regional potential for field crop
production in Finland. Agr. Food Sci.18, 171-190 (2009).

Olesen, J. E. et al. Impacts and adaptation of European crop production systems
to climate change. Eur. J. Agron. 34, 96-112 (2011).

Trnka, M. et al. Agroclimatic conditions in Europe under climate change. Glob.
Change Biol. 17, 2298-2318 (2011).

. Vénninen, L. et al. Recorded and potential alien invertebrate pests in Finnish

agriculture and horticulture. Agr. Food Sci. 20, 96-114 (2011).
Schumann, G. L. Plant Diseases: Their Biology and Social Impact (APS Press, 1998).

Acknowledgements

We thank S. Faeth and I. Saloniemi for invaluable comments on the manuscript and

H. Ojanen for preparing the world climate map. This study was funded by the Academy
of Finland (project number 137909).

Author contributions

K.S. led the creation and writing of the paper with inputs from all authors. All authors
participated in the literature survey of their expertise (K.S.: climate change, and general
ecology and evolution; K.T.: photoperiodism; T.H.: climate change, weeds; PE.G.: crop
species; C.E.H.: crop species; LV.: pests; A.N.: pests; M.H.: pathogens).

Additional information
The authors declare no competing financial interests. Reprints and permissions
information is available online at http://www.nature.com/reprints.

NATURE CLIMATE CHANGE | VOL 2 | APRIL 2012 | www.nature.com/natureclimatechange

© 2012 Macmillan Publishers Limited. All rights reserved



	Climate change-driven species’ range shifts 
filtered by photoperiodism
	Phenology, life cycles and the evolution of life histories
	Figure 1 | The effect of latitude on the seasonality of day length. Day length varies insignificantly at lower latitudes, whereas the seasonality of day length increases polewards. Environments inside the Arctic and Antarctic circles are characterized by 
	Climate change increases mistiming?
	Invasions from Europe to North America more common?
	Shifts of human-modified habitats
	Conclusions
	References
	Figure 2 | World climate map demonstrating that comparable climate zones are present at higher latitudes in Western Europe compared with those in North America. Data taken from the WorldClim Database 
(http://www.worldclim.org/).
	Acknowledgements
	Author contributions
	Additional information



