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Outline 

Introduction: Climate change impacts on perennials 
 

Attribution of phenology change to weather 
 

Case studies 
• Walnuts in California 
• Cherries in Germany 

• Grasslands on the Tibetan Plateau 
• Tree Rhododendron in the Himalayas 

 
Delay or advance? The long-term prospects for temperate 

vegetation 
 

Knowledge gaps 



Most temperate vegetation has responded to recent warming 
with advanced phenology 

Schwartz, 1998. Nature 394, 839-840. 
Parmesan, 2007. Glob. Change Biol. 13, 1860-1872. 

Menzel et al., 2006. Glob. Change Biol. 12, 1969-1976. 

The beginning of the growing season 
in Europe has advanced steadily in 

recent decades 
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Chmielewski and Rötzer, 2001. 
Agric. For. Meteorol. 108, 101-112. 

Will this trend continue? 

? 
Is this happening for all species? 
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Ensemble studies 
 
 
 
 
 
 

Fitter and Fitter 2002: Trend analysis on dataset of 385 species in the UK shows 
tendencies towards delayed bloom for 24% of species 

(Science 296, 1689-1691 ). 

Menzel et al. 2006: 22% of species show tendency towards later phenology 
(Glob. Change Biol. 12, 1969-1976). 
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Dormancy-breaking in temperate perennials 
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Time 

Beginning of 

dormancy 

Chilling requirement 
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Heat requirement 

Luedeling et al. 2009. Agric. For. Meteorol. 149, 1854-1864. 

Plants need cool 
conditions 

Plants need warm 
conditions 

Effect of 
warming: 

Phenology 
advance! 

Phenology delay? 
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Does winter warming delay spring phenology? 

This can be shown experimentally by temperature manipulation, but can 
it be observed in long-term phenology records? 

Statistical challenge: 

• Winter warming is secondary effect; swamped by spring warming. 

• When using daily weather data, there are typically more independent 
variables than observations. 

• Monthly or daily temperatures are highly autocorrelated. 
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Partial Least Squares regression 

Also known as Projection-to-latent-structures regression 

Luedeling and Gassner 2012. Agric. For. Meteorol. 158, 43-52. 

Common method in hyperspectral remote sensing (thousands of 
wavelengths related to material attributes) 

 
Latent factors are constructed from the independent variables, similar 

to principal components, and used for regression 

 

Major outputs: 
Variable-importance-in-the-projection 

Model coefficients 



Luedeling and Gassner 2012. Agric. For. Meteorol. 158, 43-52. 

VIP score > 0.8  considered important for model 

Model coefficient: Direction and strength of effect of deviation from 
‘normal’ condition on dependent variable 

54 years of leaf emergence data for ‘Payne’ walnuts at Davis, 
California 

Coupled with daily weather records 

Walnuts in California 



Walnuts in California 

Luedeling et al. in press. Int. J. Biometorol. 

Green: VIP>0.8 and 
model coefficient 

positive 

Red: VIP>0.8 and 
model coefficient 

negative 

Gray: VIP<0.8 

54 years of leaf emergence data for ‘Payne’ walnuts at Davis, 
California 

Coupled with daily weather records 



Walnuts in California 

Luedeling et al. in press. Int. J. Biometorol. 

Positive model 
coefficients 

Negative model 
coefficients 

Delay by warmth 

Chilling phase 

Advance by 
warmth 

Forcing phase 

54 years of leaf emergence data for ‘Payne’ walnuts at Davis, 
California 

Coupled with daily weather records 



Cherries in Germany 

Red: VIP>0.8 and 
model coefficient 

negative 

Luedeling et al. in press. Int. J. Biometorol. 

24 years of cherry bloom data at Klein-Altendorf (Bonn), 
Germany 

Coupled with daily weather records 

Candidate chilling 
phase 1 

Forcing 
phase 

Candidate chilling phase 2 



Grasslands on the Tibetan Plateau 

Yu, Luedeling and Xu, 2010. PNAS 107, 22151–22156. 

For both meadow and steppe vegetation, late beginnings of the growing 
season are correlated with warm winters. 



Tree Rhododendron in the Himalayas 

Ranjitkar, Luedeling, Shrestha, Guan and Xu, in press. Int. J. Biometeorol. 

No long-term data – sampling along elevation gradients in China and 
Nepal 

Independent variables 

Mean temperatures during two-week periods 

All VIPs > 0.8 

All model coefficients negative 

Tree Rhododendron shows advanced phenology in response to warm 
temperatures at all times during the winter 



Phenology trends 

Since mid-1990s net delay in 
the beginning of the growing 
season, in spite of continued 

warming! 

Yu, Luedeling and Xu, 2010. PNAS 107, 22151–22156. 

Grasslands on the Tibetan 
Plateau 



Prospects for temperate perennials 

Delayed or advanced phenology? 
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Chilling requirement 
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Heat requirement 

Chilling phase Forcing phase Currently: 

Chilling phase Forcing phase Scenario 1: 

Chilling phase Forcing phase Scenario 2: 

Chilling phase Forcing phase Scenario 3: 

Chilling phase Scenario 4: 



Prospects for temperate perennials 

Perennials with chilling requirements might experience delays in 
phenology, rather than advances 

Perennials without dormancy, such as rhododendron, appear to be 
receptive to heat during all seasons, potentially giving them an 

advantage 

Future changes in phenology cannot be predicted reliably based on 
current models 

Multi-environment trials or observations are needed for elucidating 
climate change impacts on complex organisms 

Severe losses in winter chill have been projected, particularly for warm 
climates 

Luedeling et al. 2011, PLoS ONE 6(5), e20155.  



Prospects for temperate perennials 

Climate analogues for guiding phenology observations 

Luedeling, unpublished. 

Climate scenarios 



Issues for further research 

Luedeling 2012. Scientia Horticulturae 144, 218-229. 

Dormancy progression of temperate perennials, especially chill 
accumulation, is poorly understood 

Existing models are mostly empirical and relatively crude 

Better functional models are needed for making robust projections of 
climate change impacts on the phenology of temperate perennials 

PLS regression can help visualize some effects that are difficult to 
observe, show quantitative differences in forcing and chilling 

effectiveness 



Thanks for your 
attention! 

Eike Luedeling 
e.luedeling@cgiar.org 


