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Abstract

Recent shifts in phenology are the best documented biological response to current

anthropogenic climate change, yet remain poorly understood from a functional point

of view. Prevailing analyses are phenomenological and approximate, only correlating

temperature records to imprecise records of phenological events. To advance our under-

standing of phenological responses to climate change, we developed, calibrated, and

validated process-based models of leaf unfolding for 22 North American tree species.

Using daily meteorological data predicted by two scenarios (A2: 1 3.2 1C and B2: 1 1 1C)

from the HadCM3 GCM, we predicted and compared range-wide shifts of leaf unfolding

in the 20th and 21st centuries for each species. Model predictions suggest that climate

change will affect leaf phenology in almost all species studied, with an average

advancement during the 21st century of 5.0 days in the A2 scenario and 9.2 days in the

B2 scenario. Our model also suggests that lack of sufficient chilling temperatures to

break bud dormancy will decrease the rate of advancement in leaf unfolding date during

the 21st century for many species. Some temperate species may even have years with

abnormal budburst due to insufficient chilling. Species fell into two groups based on

their sensitivity to climate change: (1) species that consistently had a greater advance in

their leaf unfolding date with increasing latitude and (2) species in which the advance in

leaf unfolding differed from the center to the northern vs. southern margins of their

range. At the interspecific level, we predicted that early-leafing species tended to show a

greater advance in leaf unfolding date than late-leafing species; and that species with

larger ranges tend to show stronger phenological changes. These predicted changes in

phenology have significant implications for the frost susceptibility of species, their

interspecific relationships, and their distributional shifts.
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Introduction

Impacts of current climate change have been observed

in a variety of ecosystems and biological processes

(Parmesan, 2006). Because phenological events are

strongly responsive to temperature, they have been

among the first documented fingerprints of climate

change (Menzel & Fabian, 1999; Menzel et al., 2006),

and reported examples are more numerous every year

(Beaubien & Freeland, 2000; Abu-Asab et al., 2001;

Walther et al., 2001; Ahas et al., 2002; Penuelas & Boada,

2003; Root et al., 2003; Defila & Clot, 2005; Wolfe et al.,

2005; Menzel et al., 2006). The growing season of trees

has been extended on average by 2.3 days decade�1

during the last 40 years (Myneni et al., 1997; Parmesan
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& Yohe, 2003). Focusing on a few selected temperate

tree species, Richardson et al. (2006) found similar rates

(e.g. 2.1 days longer decade�1 for Acer saccharum). This

trend is predicted to continue according to climate

conditions forecast for the next century (IPCC, 2007).

Increasing phenological changes in temperate forests

are likely to have strong impacts on both tree species’

distribution (Chuine & Beaubien, 2001) and productiv-

ity (Loustau et al., 2005). Phenological changes can affect

the cold hardiness of species (Cannell, 1985; Hänninen,

1991), increasing frost injury and winter hardening and

thereby affecting survival and growth. As forests play a

major role in the terrestrial storage of carbon, any

changes in their distribution will have important im-

plications, not only for forest products and biodiversity,

but also for the global climate itself (Sitch et al., 2003).

Accurate predictions of tree phenology therefore are

necessary to understand the impact of climate change

on forest ecosystems.

Both experimental and modeling studies have been

used to predict tree phenology. Provenance transfer

experiments have been carried out to simulate changes

in temperature (e.g. Hänninen, 1996). However, these

experiments impose an abrupt temperature change to

individuals that are moved far away from their latitude

of origin, and simulate a greater increase in temperature

than climate change predictions.

Focusing on modeling, three categories of phenologi-

cal models can be identified: theoretical, statistical, and

process-based models. Theoretical models (Kikuzawa,

1991, 1995) have been developed to understand the cost

and benefits related to the timing of production of

leaves, but these models cannot be used to predict the

timing of budburst at the species level. Statistical mod-

els (Boyer, 1973; Spieksma et al., 1995; Schwartz, 1998)

use linear equations to relate atmospheric conditions

and leaf unfolding dates. These models can thus pro-

vide information about general trends of phenological

changes under global warming, but their biological

interpretation is necessarily limited. Process-based

models, which trace back to the pioneering work of

Sarvas (1972, 1974), have improved steadily, especially

in the last decade. The simplistic spring warming

models, relying on the accumulation of growing degree

days (Cannell & Smith, 1983; Hunter & Lechowicz,

1992) have evolved into more mechanistic models of

tree phenology (Kramer, 1994; Chuine & Cour, 1999;

Chuine, 2000) that are increasingly sophisticated (Lin-

kosalo, 2000; Linkosalo et al., 2006). Chuine et al. (2003)

and Hänninen & Kramer (2007) provide recent, thor-

ough reviews of these process-based models.

In this study, we first build on the legacy of past work

to develop, calibrate, and validate process-based phe-

nological models for leaf unfolding in each of 18 Eastern

North American tree species. Second, using the climate

predictions of the GCM HadCM3 for the IPCC story-

lines A2 and B2, we simulated the yearly change in the

leaf unfolding date in the 20th into the 21st century for

these 18 species and four others previously calibrated.

Third, we identified and compared groups of phenolo-

gical responses to climate change among these 22 species

based on trends in leaf unfolding date predicted for the

21st century. Our overall objectives were: (1) to make an

initial assessment of alternative phenological responses

to climate change among North American trees and (2)

to identify fruitful avenues for experimental and obser-

vational studies that would contribute to improving the

predictions of process-based phenological models.

Materials and methods

We developed models predicting the date of leaf un-

folding (date of first fully formed leaf) for 18 North

American temperate tree species representing 11 genera

(Table 1). Using these models, as well as previously

developed models for four other species (Chuine et al.,

2001, 2006; Chuine & Beaubien, 2001), we simulated leaf

unfolding date for 22 species representing 13 genera for

every year in the 20th and 21st centuries (Table 2).

Datasets

Times series of leaf unfolding dates were available

for natural populations in three locations (Table 1):

Wauseon, OH (411330N, �841090W; Smith, 1915),

Harvard Forest, MA (421530N; 721190W; unpublished

data, http://harvardforest.fas.harvard.edu/data/p00/

hf003/HF003-data.html), and Urbana, IL (401N, 881W;

C. Augspurger, unpublished data). The Wauseon data

were recorded between 1883 and 1912, the Harvard and

Urbana data between 1990 and 2003. Daily meteorolo-

gical data were available for all three locations. The

current distributions of species were taken from USDA

Forest Service maps compiled by Critchfield and Little

(Critchfield & Little, 1966; Little, 1971, 1976, 1977;

http://climchange.cr.usgs.gov/data/atlas/little).

Phenological models

Leaf unfolding was modeled in the framework of a

Unified General Model (Chuine, 2000) that is defined by

nine specific parameters, but that can be simplified when

appropriate by using simpler parameterization for chilling

and/or forcing processes as in Richardson et al. (2006).

Our simplified models are described in Appendix S1.

The leaf unfolding date (Dl) was simulated follow-

ing the full Unified model developed by Chuine
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(2000) using daily mean temperatures and all nine

species-specific parameters:

Dl such as Sf;Dl
¼
XDl

t1

Rf;t ¼ Fc ð1Þ

Rf;t ¼
1

1þ edðTat�eÞ ð2Þ

t1 such as Sc;t1 ¼
Xt1

t0

Rc;t ¼ Cc ð3Þ

Rc;t ¼
1

1þ e½aðTat
�cÞ2þbðTat

�cÞ�
ð4Þ

Fc ¼ w e�zSc;tc ð5Þ

with t0 set at 1 September and a, b, c, d, e, w, z, tc, Cc

parameters fitted on phenological observations in nat-

ural populations. Parameters a, b, and c define the

response function to temperature (also called ‘chilling

units’) that models the effect of ‘cold’ temperatures in

breaking dormancy. Parameters d and e define the

response function to temperature (also called ‘forcing

units’) that conditions the effect of ‘warm’ temperatures

during the quiescence or ecodormancy phase, ultimately

triggering bud burst. Parameter Cc is the chilling unit

threshold at which bud dormancy is broken. Parameters

w and z define the inverse exponential function that

relates the total amount of chilling units accumulated

(i.e. by date tc) (Sc, tc) and the amount of forcing units

[Fc, Eqn (5)] necessary to reach budburst. For more

details, see Chuine (2000).

We fitted these models for each species at each loca-

tion using daily mean temperatures and leaf unfolding

dates from the observations in Ohio, Massachusetts,

and Illinois. Parameter estimates were derived by

Table 2 Mean simulated date of leaf unfolding (in day of the year) over the 20th century (L); mean number of days of

change in the date of leaf unfolding simulated for the 21st century in comparison with L for scenarios A2 and B2 (LA2

and LB2, respectively) (positive values indicate a later date; negative values an earlier date); mean number of years

with abnormal leaf unfolding occurrence in the 21st century (PA2 and PB2 for each scenario); total (CA2, CB2) and

relative (SA2, SB2) change in leafing date in both scenarios (for SA2 and SB2, positive values indicate that most pixels in

the distribution exhibit a delay in the leaf unfolding date; negative values indicate that most pixels in the distribution

exhibit an earlier leaf unfolding date); group of response to which the species belongs: A (latitudinal response), B

(centrifugal response) (Group) (see text for explanations); number of pixels (0.51� 0.51) occupied by each species’

distribution (Range)

Species L LA2 LB2 PA2 PB2 CA2 CB2 SA2 SB2 Group Range

Acer rubrum 134 �1.0 �0.6 3.7 6.2 0.68 0.76 0.16 0.14 A 1372

Acer saccharinum 100 �5.8 �20.1 11.2 4.8 0.92 0.91 0.22 �0.38 A 1059

Acer saccharum 123 �2.6 �3.2 1.9 3.9 0.57 0.77 �0.35 �0.39 A 1013

Aesculus glabra 117 �4.0 �6.9 0 0 0.63 0.94 �0.63 �0.94 A 387

Carya glabra 146 0.3 �14.8 27.9 29.1 0.49 0.48 0.43 0.45 B 787

Carya ovata 128 2.7 �15.7 12.6 7.8 0.59 0.99 0.02 �0.99 A 859

Fraxinus americana 138 �12.4 �17.2 �0.7 �0.4 0.74 0.79 �0.45 �0.65 A 1214

Fraxinus nigra 147 0.9 �6.1 9.6 9.1 0.67 0.68 0.13 �0.11 A 1027

Juglans nigra 136 �3.1 �5.5 2.1 2.5 0.80 0.75 �0.20 �0.26 A 950

Ostrya virginiana 131 �4.9 �6.4 15.1 7.1 0.90 0.76 0.29 �0.09 B 1363

Pinus contorta 121 �5.1 �1.6 12.3 9.4 0.95 0.93 �0.21 �0.09 B 943

Pinus monticola 141 �15.7 �9.4 10.6 7.6 0.92 0.91 �0.65 �0.49 A 156

Platanus occidentalis 136 �1.7 �1.8 0 0.5 0.21 0.09 �0.21 �0.09 A 1027

Populus tremuloides 137 �1.9 0.1 0.2 0.2 0.66 0.67 �0.21 �0.01 B 4393

Quercus alba 134 �17.1 �25.7 7.5 8.9 0.65 0.78 0.38 0.07 B 1068

Quercus bicolor 136 �1.9 �6.2 0.1 1.8 0.36 0.52 �0.28 �0.28 A 369

Quercus macrocarpa 139 �5.2 �6.1 �0.2 0 0.66 0.01 �0.66 �0.01 A 1089

Quercus rubra 140 �1.5 �5.4 5.3 8.3 0.71 0.74 �0.46 �0.52 A 1266

Quercus velutina 131 �2.7 �0.4 0.0 0.2 0.38 0.43 �0.38 �0.43 A 942

Salix nigra 54 �14.1 �21.3 0 0 0.87 0.90 �0.68 �0.77 A 1373

Sassafras albidum 63 �13.3 �22.1 0 0.7 0.82 0.93 �0.78 �0.93 A 880

Ulmus americana 132 0.2 �6.1 5.7 6.3 0.65 0.77 �0.11 �0.56 B 2380

Mean �5.0 �9.2 5.7 5.2 0.67 0.71 �0.21 �0.33

SE 1.22 1.68 1.53 1.37 0.04 0.06 0.08 0.08

Mean, average value for all species; SE, standard error.
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simulated annealing using the Metropolis algorithm

(Metropolis et al., 1953). For each species, the best model

(i.e. Unified model or a simplified model) was chosen

according to its AICc (Akaike Information Criterion

corrected) (Burnham & Anderson, 2002) fitted on all

years available for external validation of the model

accuracy. For the 14 species present in the Ohio dataset

that had at least 16 years of data, the model parameters

were re-fitted with dates from a random 10 years and

validated with the remaining years. The limited number

of years available from Illinois and Massachusetts did

not allow this validation for these populations.

Climate change scenarios and climatic data

For the 20th century simulations, we used the CRU TS 2.0

dataset (Climatic Research Unit, University of East

Anglia, Norwich, UK) (New et al., 2000), which pro-

vides monthly means of daily mean temperature from

1901 to 2000 at 0.51� 0.51 grid resolution (New et al.,

2000). Because phenological processes respond strongly

to daily weather events (Morin & Chuine, 2005), we

generated daily data from the CRU TS 2.0 data using a

standard weather generator (e.g. CLIGEN; Nicks et al.,

1995). Phenological predictions from generated daily

temperature data can differ from those using actual

temperature records, but the differences are not impor-

tant in studies of long-term trends at the continental

scale (Morin & Chuine, 2005).

For our 21st century simulations, we used daily

temperature data from the HadCM3 GCM (Hadley

Center for Climate Predictions and Research, UK) (Gor-

don et al., 2000; Pope et al., 2000), created under the A2

and B2 IPCC storylines (IPCC, 2001). The A2 and B2

storylines predict a global increase of mean temperature

of 3.2 and 1.0 1C, respectively, on average over North

America in 2100. As the HadCM3’s grid cells were

much larger than the CRU grid cells, we disaggregated

the HadCM3 data at the 0.51� 0.51 resolution with an

elevation adjustment (Morin & Chuine, 2005).

Given the simulated climatic variables, our models

sometimes predict no budburst in a given year for lack

of sufficiently cold winter temperatures, which prevents

rest completion and thus suppresses breaking

dormancy. Experiments assessing changes in leaf

unfolding dates under strong levels of warming,

using southern populations of some of the species

studied, should be carried out to explicitly test the

validity of these predictions; we expect that, in reality,

these events are likely to be expressed as very late

budburst and/or incomplete leaf development

(Pop et al., 2000).

Simulations

We simulated the annual leaf unfolding date for our 22

tree species over the 20th century with the daily tem-

perature data generated from the CRU TS 2.0 dataset, and

over the 21st century for the two storylines A2 and B2

using the HadCM3 daily temperature data. For each

species, the model was run on a grid representing

North America with a 0.51� 0.51 resolution (i.e. on

15 888 points), for 1901–2000 and for 2001–2100. Using

a daily time step, the model returns a leaf unfolding

date for each simulated year. The process was initiated

on 1 September of year n�1. When parameters corre-

sponding to two or three different populations of the

species were available, the model was run separately

with each set, and the different simulations averaged

using an inverse-squared-distance weighting. For a

given point i and year j, the simulated date of leaf

unfolding lij was calculated as

lij ¼
X

p

l
p
ij

X
p
i

;

where l
p
ijis the model output simulated with the set of

parameters fitted from the pth population, and where

X
p
i is

X
p
i ¼

d2
ip=
P

p
d2

ip

P
p d2

ip=
P

p d2
ip

� �

and dip is the distance between point i and the pth

population.

For each grid point i, the simulated dates of leaf

unfolding were averaged over each 100-year period

(Li), and the proportion of years with abnormal leaf

unfolding (Pi) calculated. As described previously,

abnormal leaf unfolding refers to cases in which a model

predicts leaves do not unfold because of insufficient

chilling to complete rest and break bud dormancy.

Changes in Li and Pi were mapped for each species

over its distribution. By averaging values of Li and Pi

over all grid points of a species’ distribution, we calcu-

lated species-specific mean change in the leaf unfolding

date (LA2 and LB2 for the scenarios A2 and B2, respec-

tively) and the number of years with abnormal leaf

unfolding (P) (Table 2).

We also calculated for each species the proportion of

occupied area (estimated as a number of grid points)

that had a change in leafing date (C):

C ¼ Nh þNl

N

with (1) Nh the number of grid points with a leafing

date delayed by 43 days, (2) Nl the number of points

with a leaf unfolding date advanced by 43 days, and

(3) N the total number of grid points within the species’
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distribution. Finally, we calculated the species-specific

relative change (or direction of change) in leafing date

over the distribution (S):

S ¼ Nh �Nl

N
:

Leaf unfolding is advanced by climate change over the

entire range when So0.

Temporal dynamics of the predicted changes in phenology

To compare the simulated changes with those currently

observed, we calculated the average rate of change in

leaf unfolding date per degree Celsius of warming, for

each species and for both scenarios. This rate was

obtained by dividing the species-specific mean change

in leaf unfolding date L by the average level of warming

experienced by each species over its entire range. We

also calculated this rate of change per degree Celsius of

warming for six 15-year periods, 2001–2015, 2016–2030,

2031–2045, 2046–2060, 2061–2075, 2076–2090, and the

10-year period, 2091–2100. For each grid point i and for

each period, we calculated the average date of leaf

unfolding and the number of years with abnormal leaf

unfolding. For each species and both scenarios, we also

calculated the mean leaf unfolding date for the 200 most

northerly pixels and the 200 most southerly pixels in the

range for each of the 15-year period in the 21st century.

We compared the mean leaf unfolding date of each

period with the mean leaf unfolding date of the refer-

ence period 2001–2015 at the northern and southern

periphery of the range.

Interspecific comparisons

For each scenario A2 and B2, we performed correlations

of the species-specific indices L, C, S against species-

specific leaf unfolding date and two variables charac-

terizing the distribution to detect general patterns in

changes across the set of 22 tree species. The two

variables characterizing the distribution were the lati-

tude at the northern range limit (in decimal degrees)

and the total range area.

Results

Phenological models

The efficiency of the models (percentage of variance

explained) by the models (r2) was 470% in 17 of 23

models (Table 1); the efficiency was 450% in 11 of 14

models tested by external validation. For 15 popula-

tions, the best model was not the full Unified model

(nine parameters) but a simpler one; the model para-

meter estimates and the difference in AICc values

between the best model and the full Unified model

are provided in Table 1.

Changes in mean leaf unfolding date

The mean change in leaf unfolding date calculated over

all the species is stronger in the B2 than A2 scenario

(�5.0 days for A2 and �9.3 days for B2; Table 2). The

difference between the two scenarios was significant

(paired t-test, P 5 0.03). The 44 simulations (22 species

and 2 scenarios) demonstrate that species will respond

to climate change mainly through advance of the leaf

unfolding date (39 advances vs. 5 delays), more so in

scenario B2 than A2 (Table 2).

Species showed different geographical patterns of a

change in their leaf unfolding date (Fig. 1 and Fig. S1).

The proportion of a species’ distribution area that

changed was on average 0.67 in A2 and 0.71 in B2 (C

values, Table 2). However, the direction of change

varied greatly among species (delay S40, advance

So0, Table 2, Fig. 1). The proportion of area showing

a change (C) for a species was not related to its direction

of change (S) for A2 (r 5�0.08, P 5 0.69, Pearson’s

correlation) while it was for B2, (r 5�0.51, Po0.05,

Pearson’s correlation).

The responses fall into two groups, some species

responding on latitudinal gradients (latitudinal re-

sponse) and the other to gradients from range center

to edge (centrifugal response). Sixteen species showed a

greater advance in leaf unfolding date with increasing

latitude, i.e. advancement was greater in the northern

compared with the southern range, occasionally with a

local delay in the south for some species (e.g. A.

saccharum, Fraxinus nigra; Table 2, Fig. 1). Six species

showed an overall advance of leaf unfolding date but a

different response at the center of the distribution than

in the margins (e.g. Ostrya virginiana, Populus tremu-

loides; Table 2, Fig. 1).

Focusing on differences between scenarios, we ex-

plored the potential involvement of the chilling require-

ments of species. Species can be classified according to

the sensitivity of their phenology to cold temperatures.

Some species are ‘chilling sensitive’, which means that

breaking dormancy requires cold temperatures. For

these species (n 5 13), the best model – according to

AICc values – takes chilling accumulation into account.

Others species are ‘chilling insensitive’ (n 5 6), and their

best phenological model does not require accumulation

of chilling units. Three species have both chilling sensi-

tive and chilling insensitive populations (Table 1), an

interesting result in its own right; these species with

disparate populations are not included in the following

comparisons among species. Comparing scenario A2
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( 1 3 1C on average over all North America) with

scenario B2 ( 1 1 1C), we found that chilling-sensitive

species differed significantly in changes of mean leaf

unfolding date (�4.3 days for A2 vs. �8.1 days for B2,

P 5 0.05, paired t-test). This difference is smaller and

nonsignificant for chilling insensitive species (�6.8 days

for A2 vs. �9.8 days for B2, P40.05, paired t-test).

Furthermore, the date on which dormancy break

happens (i.e. when the accumulation of chilling units

reaches the fitted threshold – Ccrit parameter, see ‘Ma-

terials and methods’) occurred later on average under

both warming scenarios than under 20th century simu-

lations (Fig. 2), and the delay is larger under A2 than

under B2 (�6.8 days for A2 and �2.8 days for B2,

averages made on the 13 chilling-sensitive species –

using one population per species; Fig. 2).

Abnormal leaf unfolding events

The mean number of years with abnormal leaf unfold-

ing was greater in both warming scenarios than in the

20th century ( 1 5.7 and 1 5.2 for A2 and B2, respec-

Fig. 1 Mean number of days of change in leaf unfolding date (a, b, e, f, i, j, m, n) and mean change in the

number of years when normal leaf unfolding occurs (c, d, g, h, k, l, o, p) between 1901–2000 and 2001–2100

in A2 (left side) and B2 (right side) scenarios for Acer saccharum (a–d), Fraxinus nigra (e–h), Ostrya virginiana (i–l), Populus tremuloides (m–

p). Left columns: negative values indicate earlier date in 2001–2100 in comparison with 1901–2000. Right columns: negative values

indicate less years with leaf unfolding in 2001–2100 in comparison with 1901–2000.
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tively), but the difference between the scenarios was not

significant (paired t-test P 5 0.42). Abnormal leaf un-

folding affected 14 of 22 species, especially at their

southern range edge (e.g. F. nigra, Fig. 1). Only Carya

glabra showed an increase of abnormal leaf unfolding at

its northern range edge (Fig. S1). The species showing

abnormal leaf unfolding in response to climate change

were all chilling-sensitive species (Tables 1 and 2). For

these species, the mean change in number of years with

abnormal budburst was positively correlated with the

mean change in the date on which dormancy break

happens, for both scenarios (r 5 0.73, P 5 0.004 for A2

and r 5 0.56, P 5 0.040 for B2, Pearson’s correlations).

Spatiotemporal dynamics of the changes in phenology

In both future scenarios, the mean changes were in

general stronger northward. In the north, most species

exhibited earlier leaf unfolding from 2015 to 2100 in

both scenarios, but the variance among species was

larger in A2 than B2 (e.g. Fig. 3a and c). Species

responding to the latitudinal gradient had an increasing

advance in leaf unfolding date over the 21st century,

while species responding on a centrifugal gradient

showed more constant change. In the south, advance-

ment tended to be weaker and more species showed a

delay at the end of the 21st century in both scenarios.

Some species also showed a delay of leaf unfolding after

a short period of advance at the beginning of the 21st

century (e.g. F. nigra and P. tremuloides for A2, Fig. 3b).

The proportion of years with abnormal leaf unfolding

increased throughout the 21st century, especially in the

south, and with a stronger intensity in A2 than B2

(results not shown).

Interspecific comparisons

In both future scenarios, the mean change in leaf

unfolding date (LA2 and LB2) in a species was positively

correlated to its mean leaf unfolding date over the 20th

century (L), (Table 3, Fig. S2). In other words, early-

leafing species tended to show a greater advance in leaf

unfolding date, and some late-leafing species actually

showed a delay in leaf unfolding.

The proportion of a species’ distribution showing a

change (CA2 and CB2) was negatively related to the

mean leaf unfolding date over the 20th century (L) in

both scenarios, while the direction of change over all the

species’ distributions (SA2 and SB2) was positively but

weakly related to L, although these correlations were

only marginally significant (Table 3). This result, how-

ever, indicates that early-leafing species may on average

experience phenological changes (mainly advancement)

over a greater part of their geographical range than late-

leafing species. Furthermore, the proportion of change

over the whole of the range (CA2 and CB2) was nega-

tively related to the mean change in leaf unfolding date

for a species in both future scenarios (LA2 and LB2), but

the correlation was only marginally significant for B2

(Table 3). Basically, the stronger the mean advancement

in leaf unfolding date (LA2 or B2o0), the greater is the

proportion of the range experiencing a change in this

date.

Fig. 2 Mean predicted date of dormancy break for the 13 chilling-sensitive species (one population per species) for the 20th century

(X-axis) and for the 21st century (Y-axis), for scenario A2 (a) and scenario B2 (b). Mean dates were log-transformed. Ai: Acer saccharinum;

As: Acer saccharum (Ohio population); Ar: Acer rubrum; Cg: Carya glabra; Co: Carya ovata (Ohio population); Fa: Fraxinus americana (Ohio

population); Fn: Fraxinus nigra; Os: Ostrya virginiana; Pt: Populus tremuloides (Ohio population); Qa: Quercus alba; Qb: Quercus bicolor; Qr:

Quercus rubra; Ua: Ulmus americana (Ohio population).
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The mean change in leaf unfolding date (LA2 and LB2)

for species was positively related to the total area of

distribution (but the correlations were not significant,

Table 3). This result may nevertheless suggest that

species with larger ranges tend to show stronger

changes in their phenology. This relationship may arise

because species with larger distribution also have more

northerly distributions (Morin & Chuine, 2006) where

climate change is predicted to be stronger (IPCC, 2001).

Mean change in leaf unfolding date was indeed posi-

tively related to the species’ northern-range limit, but

significantly only for B2 (Table 3). Furthermore, species

with more northerly distributions showed a greater

variation in leaf unfolding date; the coefficient of varia-

tion of leaf unfolding dates of the 14 species in Wauseon

and their northern latitude of distribution were posi-

tively related (Po0.05, r2 5 0.29, linear regression not

shown). This greater range of phenological responses to

interannual variation in climate may explain their

stronger response to global climate change.

Discussion

Changes in phenology and differences between scenarios

Our results show that on average the date of leaf

unfolding of most species in the 21st century will be

advanced in response to climate change, extending

observed changes in phenology for the second half of

the 20th century (Walther et al., 2001; Parmesan & Yohe,

Fig. 3 Mean number of days of change in leaf unfolding date in 2016–2030, 2031–2045, 2046–2060, 2061–2075, 2076–2090, and 2091–2100

relative to 2000–2015, under scenarios A2 and B2 in the north (a and c, respectively) and in the south (b and d, respectively) of

distributions (negative numbers indicate earlier dates). For the sake of clarity, only six species are shown, representing (i) the two groups

of response (four for A and two for B, see text) and (ii) different chilling sensitivities (three chilling-sensitive species, two chilling

nonsensitive species, and one mixed species Juglans nigra, i.e. with one chilling-sensitive population and one chilling nonsensitive

species, see text). Species of group A: squares (filled: Salix nigra; dark gray: Aesculus glabra; light gray: Fraxinus nigra; open: J. nigra);

species of group B: circles (filled: Ostrya virginiana; open: Populus tremuloides). Ag: Aesculus glabra; Fn: Fraxinus nigra; Os: Juglans nigra; Qa:

Ostrya virginiana; Pt: Populus tremuloides; Sn: Salix nigra.
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2003; Root et al., 2003). Observed rates of change of

spring phenology (leaf unfolding and flowering) for

temperate trees were �2.9 days decade�1 (Chuine, in

press) and �3.9 days decade�1 (Root et al., 2003) over

the last five decades. Previous modeling work using a

simpler model and fewer species also predicted results

for the end of the 20th century consistent with those

currently observed (Richardson et al., 2006). The re-

ported changes in late 20th century tree phenology

correspond to a mean advance of 16–24 days per degree

Celsius of warming, assuming that the average warm-

ing over the last five decades was about 0.6 1C, i.e.

1 0.15 1C decade�1 (IPCC, 2001). According to our si-

mulations, changes in leaf unfolding dates would on

average be greater in the B2 (with less increase in

temperature) than the A2 scenario. The predicted mean

advance per degree Celsius in scenario A2 (1.9 day 1

C�1, on average) is in general less than the currently

observed mean advance per degree Celsius (Fig. 4),

while, for B2, most species exhibit a mean advance

closer to that currently observed (11.8 day 1C�1, on

average). In the following, we highlight two causes for

this result.

First, these surprising differential responses in spe-

cies phenology between the two scenarios, as well as the

additional prediction of an increase in the occurrence

of abnormal leaf unfolding, are due to the dual impact

of temperature on phenology. Leaf development is

triggered first by low temperatures that break bud

dormancy and later by higher temperatures that pro-

mote cell expansion and growth. This dual action of

temperature is formalized in the models by different

response functions defining the course of development

in relation to progression of temperature from fall

through winter to spring (Kramer, 1995; Chuine,

2000). Thus, warming recorded on an annual basis can

in fact act to both lengthen the period of rest and at the

Table 3 Pearson’s correlations for both scenarios of (i) species’ mean number of days of change in the date of leaf

unfolding simulated for the 21st century (LA2 and LB2), (ii) total (CA2 and CB2), and (iii) relative (SA2 and SB2) change in

leafing date with species’ mean number of days of change in the date of leaf unfolding simulated for the 21st century

(LA2 and LB2); mean simulated date of leaf unfolding over the 20th century (L); number of pixels (0.51� 0.51) occupied

by each species’ distribution (Range); and species’ northern latitudinal limit of distribution (Lat. N), for 21 species

LA2 L Range Lat. N

P-value r P-value r P-value r P-value r

LA2 – – 0.033 0.45 0.389 0.19 0.655 0.10

CA2 0.028 �0.47 0.084 �0.37 0.852 0.04 0.137 0.33

SA2 0.118 0.34 0.065 0.12 0.591 0.12 0.923 0.02

LB2 L Range Lat. N

P-value r P-value r P-value r P-value r

LB2 – – 0.011 0.53 0.269 0.25 0.043 0.44

CB2 0.091 �0.37 0.059 �0.40 0.871 �0.03 0.748 0.07

SB2 0.161 0.31 0.010 0.19 0.390 0.19 0.202 0.28

For each correlation, Range and Lat. N have been log-transformed.

Fig. 4 Mean number of days of change in leaf unfolding date

per degree Celsius of warming over 2001–2100 compared with

1901–2000. The level of warming experienced was calculated for

each species over its distribution (i.e. by considering only the

pixels inside a species’ distribution). Positive numbers indicate

earlier dates. A2: white bars; B2: black bars. The A2 scenario

predicts a global mean increase of 3.2 1C on average over North

America, and the B2 scenario a global mean increase of 1.0 1C.
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same time accelerate subsequent bud growth. The

greater increase in warming under the A2 scenario

can lead to delayed or even incomplete fulfillment of

the chilling requirement for breaking dormancy that

may not be compensated by subsequent acceleration of

development. As a result, dormancy break is either

delayed (Fig. 2) such that warmer spring temperatures

cannot compensate late leaf unfolding, or dormancy

break never happens and abnormal leaf unfolding

occurs. This hypothesis is strengthened by (i) the com-

parison of the dates for breaking dormancy (Fig. 2),

which show a larger delay under A2 than under B2, and

(ii) by the positive relationship between the number of

years with abnormal budburst with the change in the

date on which dormancy is broken in both scenarios.

Consequently, the number of years with abnormal leaf

unfolding is higher in the A2 than in the B2 scenario,

and, at the end of the 21st century, the mean change in

leaf unfolding date is higher in the B2 scenario. In other

words, under some climate change scenarios and for

some species, a conflict disrupting the evolved pheno-

logical control systems can arise in which rising tem-

peratures have a negative effect on breaking dormancy

but a positive effect on the rate of bud growth. It is

noteworthy that the predicted abnormal leaf unfolding

occurs mainly in the southern range of species and that

leaf unfolding tends to be less advanced or even

delayed to the south but advanced in the north. The most

likely explanation is that the effect of warmer tempera-

tures in the southern range, where temperatures are

already warmer than in the northern part of the range,

is stronger on rest completion than on bud growth

during the phase of quiescence that follows breaking

of dormancy. These findings are consistent with results

from a warming experiment carried out on three Eur-

opean oak species, which showed that leafing phenol-

ogy was more delayed under the strongest level of

warming (Morin et al., unpublished).

This possibility of a dual phase influence of warming

temperatures on foliar phenology is important because

neither observations nor previous predictions of change

in phenology have revealed its existence. Murray et al.

(1989) did suggest that the timing of budburst could be

delayed due to climatic change, but this possibility has

been discounted because of the numerous studies

showing only phenological advancements (e.g. Root

et al., 2003; Menzel et al., 2006). The simulations we

have done clearly indicate that Murray’s hypothesis

should be reconsidered. The classical linear statistical

models of foliar phenology cannot predict this trend,

but our mechanistic, process-based models suggest this

nonlinear, dual-phase dependence in warming re-

sponses will begin to be show its effects as global

warming increases further (IPCC, 2007).

Second, the contrasting results between A2 and B2

may also be related to different warming dynamics of

these two scenarios across the 21st century. Indeed, the

fact that chilling insensitive species show an advance-

ment in leaf unfolding date that is slightly greater under

the B2 scenario than the A2 scenario cannot be

explained as the outcome of a simple delay in dormancy

break. This pattern could be explained by differences in

the warming dynamic of the two scenarios according to

the HadCM3 model simulations. If scenario A2 is on

average warmer than B2 at the scale of the 21st century

and overall North America, then it appears that B2

implies a stronger warming than A2 in the first part

of the 21st century in North America (see Fig. S3). This

pattern is even stronger for the temperate latitudes

where most of the studied species are distributed. Note

that this difference may also contribute to producing the

difference in phenological changes between A2 and B2

simulations for other species, but the effect is never-

theless too weak to consistently explain the large dif-

ference between the two scenarios across all species.

Differences in changing phenology among species

Phenological changes are highly variable both among

species and within their ranges. Species with late un-

folding dates advance less on average than those with

early unfolding dates, which is consistent with

observed phenological changes during the 20th century

(Abu-Asab et al., 2001). Species with a later phenology

may have greater requirements of low temperatures to

break dormancy than other species. Under global

warming, the requirements for low temperatures are

on average fulfilled later, causing a delay in break

dormancy. Species with an earlier phenology may have

lower chilling requirements so that the warming does

not delay breaking dormancy as much as later species,

and it accelerates subsequent cell growth, leading, on

average, to an advanced leaf unfolding date.

Parmesan & Yohe (2003) reported greater changes in

phenology for species with more northern distributions.

Although our results corroborate this finding (Table 3),

we did not observe a strong pattern, probably because

the species we studied have very similar geographic

distributions. Nevertheless, our simulations show that

the changes in phenology may vary greatly across the

geographic range of species. To our knowledge, such

differences have never been highlighted at this spatial

scale.

Consequences of phenological changes

The earlier leaf unfolding and sometimes abnormal leaf

unfolding predicted by our models may have direct
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consequences for survival and reproduction through

climatic tolerances (Chuine & Beaubien, 2001) as well

as indirect effects through biotic interactions (Hughes,

2000; Suttle et al., 2007). For instance, phenological

changes may induce changes in frost resistance and

thus frost damage because of a lower hardiness and an

earlier leaf unfolding, as frost events still occur despite

warmer average temperatures (Hänninen, 1991; Kra-

mer, 1994; Kellomäki et al., 1995; Kramer et al., 1996;

Leinonen, 1996; Linkosalo et al., 2000); the experimental

results of Norby et al. (2003) are consistent with this

possibility. Because the leaf unfolding, flowering, fruit

ripening, and senescence phenophases that characterize

the annual cycle for a species are usually temporally

autocorrelated (Rathcke & Lacey, 1985; Schwartz, 2003)

and under strong climatic influence, we can anticipate

changes in flowering, fruit maturation, and senescence

with implications for failures of adaptation under cli-

mate change.

The importance of changing phenology throughout

the annual cycle of a species, however, remains to be

demonstrated. Although the phenological control sys-

tems for a species have been shaped by evolutionary

constraints (Lechowicz, 1984), interannual variation in

phenological events arises in year-to-year variation in

climatic cues governing phenological responses. Pro-

cess-based phenological models intrinsically take into

account this interannual variation, which is necessarily

limited as we have illustrated here. The frequency of

years with abnormal leaf unfolding may increase with

climate change, indicating that the plasticity of phenol-

ogy will be insufficient to adjust to climate change. Our

predictions suggest that some species might experience

local extinctions in habitats where their phenology will

be strongly affected by the new environmental condi-

tions. This point highlights the relevance of using

process-based models to understand which biological

mechanisms will be the most sensitive to climate

change.

Limits of the predictions

Species regrettably have only one or a few populations

with sufficient data to fit leaf unfolding models. To the

degree there is ecotypic variation across the range of a

species, we therefore must temper our specific predic-

tions, especially for species in which the populations

used in calibration were located only toward the north-

ern part of the range (Acer rubrum, C. glabra, Quercus

alba, Quercus rubra). The phenological responses of

southern populations may sometimes be different

enough from northern populations to bias some predic-

tions of a model, for example the occurrence of failure to

burst bud for lack of sufficient chilling.

It is also the case that the best fitted models did not

take the accumulation of chilling units into account for

the break of dormancy for eight species (Table 1)

because the calibration dataset was unable to detect

any chilling requirement for these species (see Hänni-

nen et al., 2007). There is, however, no actual experi-

mental evidence that these species are entirely chilling

insensitive. The predictions for these species showed on

average a stronger response to climate change than the

other species, which might be overestimated if these

species indeed have chilling requirement which are not

taken into account here.

Finally, the calibration of our models does not take

long-term acclimation in individual trees or evolution-

ary shifts in tree populations into account, i.e. the

parameter estimates remained fixed during the simula-

tions. For lack of knowledge of genetic controls on

critical traits regulating phenological processes, this is

simply not yet possible (Wiens & Graham, 2005). We

know too little about the genetic determination of

control systems for phenological traits and the selective

forces that climate exerts on them (Jump & Penuelas,

2005). Our results should be considered baseline pre-

dictions of broad trends that do not take account of

acclimation and evolution in leafing parameters, but

that are likely to be reasonably robust.

Concluding remarks

We have shown that the changes observed in the

phenology of tree species during the 20th century will

continue during the 21st century, but with significant

differences among species and between climate scenar-

ios. Some trends in phenological changes may be

reversed by the end of the century because of the

bimodality of temperature influence on both chilling

and warming cues for phenological control systems.

This result is especially important as it can dramatically

alter the predictions of process-based models using

phenology, especially Dynamic Global Vegetation Mod-

els that are coupled with atmosphere–ocean models

used to predict climate change. This result highlights

the importance and utility of process-based models in

studying the impact of climate change on organisms.

Statistical phenological models would have led to

totally different and possibly erroneous predictions in

the tree species we studied. In particular, we show that

simple linear extrapolation of phenological trends

observed in recent decades cannot be used to predict

longer term changes in phenology. Furthermore, our

results show that variability in the changes at both inter-

and intraspecific levels complicates and perhaps pre-

vents identifying simple, coherent functional groups in

the phenological responses to global warming. We have
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demonstrated here, however, that broad trends in phe-

nological responses to warming emerge across diverse

tree species despite variation in both species-specific

controls on phenology and in the geographic distribu-

tion of species.
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(1995) Atmospheric birch (Betula) pollen in Europe: trends and

fluctuations in annual quantities and the starting dates of the

seasons. Grana, 34, 51–57.

Suttle KB, Thomsen MA, Power ME (2007) Species interactions

reverse grassland responses to changing climate. Science, 315,

640–642.

Walther GR, Burga CA, Edwards PJ (2001) Fingerprints of

Climate Change – Adapted Behaviour and Shifting Species

Ranges. Kluwer Academic/Plenum Publishers, New York

and London.

Wiens JJ, Graham CH (2005) Niche conservatism: integrating

evolution, ecology and conservation biology. Annual Review of

Ecology and Systematics, 36, 515–539.

Wolfe DW, Schwartz MD, Lakso AN, Otsuki Y, Pool RM, Shaulis

NJ (2005) Climate change and shifts in spring phenology of

three horticultural woody perennials in northeastern USA.

International Journal of Biometeorology, 49, 303–309.

Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Figure S1. Mean number of days of change in leaf unfolding

date (a, b, e, f, i, j, m, n, q, r, u, v, y, z, ac, ad, ag, ah, ak, al, ao,

ap, as, at, aw, ax, ba, bb, be, bf, bi, bj, bm, bn, bq, br) and

mean change in the number of years when leaf unfolding

occurs (c, d, g, h, k, l, o, p, s, t, w, x, aa, ab, ae, af, ai, aj, am, an,

aq, ar, au, av, ay, az, bc, bd, bg, bh, bk, bl, bo, bp, bs, bt)

between 1901–2000 and 2001–2100 in A2 (left side) and B2

(right side) scenarios for Acer rubrum (a–d), Acer saccharinum

(e–h), Aesculus glabra (i–l), Carya glabra (m–p), Carya ovata (q–

t), Fraxinus americana (u–x), Juglans nigra (y–ab), Pinus con-

torta (ac–af), Pinus monticola (ag–aj), Platanus occidentalis (ak–

an), Quercus alba (ao, ar), Quercus bicolor (as, av), Quercus

macrocarpa (aw, az), Quercus rubra (ba–bd), Quercus velutina

(be–bh), Salix nigra (bi–bl), Sassafras albidum (bm–bp), Ulmus

americana (bq–bt).

Figure S2. The mean change in leaf unfolding date (LA2 and

LB2) for a species over the 21st century as a function of the

mean leaf unfolding date (L) over the 20th century through-

out the range of the species (n 5 22 species; negative num-

bers indicate earlier dates). Squares: A2 scenario; circles: B2

scenario; full line: regression line for A2 (r2 5 0.21); dashed

line: regression line for B2 (r2 5 0.28).

Figure S3. Average difference (over space) of the mean annual

temperature simulated by the HadCM3 model according to

scenario A2 and scenario B2, for 10-year intervals across the

21st century. Positive values indicate that the predictions for

A2 are warmer than the predictions for B2. Filled dots:

average over all pixels in North America; open dots: average

over all pixels between 551 and 301N latitude.

Appendix S1. Description of the phenological models simpli-

fied from the Unified General Model.

Please note: Wiley–Blackwell are not responsible for the con-

tent or functionality of any supporting materials supplied by

the authors. Any queries (other than missing material)

should be directed to the corresponding author for the

article.
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