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ABSTRACT 

In many tree species, winter chilling accelerates budburst in response to spring warmth. 
Global climate change has already accelerated budburst in deciduous tree species around the 
world. But as global climate change leads to milder winters, trees species also experience less 
chilling, which may actually delay spring budburst in some species. We hypothesized that 
reduced duration of winter chilling would delay spring budburst in sycamore (Platanus occidentalis) 
and pecan (Carya illinoinensis), but would not delay it in sweetgum (Liquidambar styraciflua). We 
tested this hypothesis experimentally by manipulating the number of weeks of chilling from 0 to 
6 weeks. Lack of winter chilling did not delay budburst in sweetgum but did delay it in sycamore 
and pecan, in agreement with the hypothesis. Mild winters in Oklahoma may eventually favor 
the growth of sweetgums at the expense of sycamores and pecans. 

INTRODUCTION 

Earlier spring budburst in deciduous 
trees is widely recognized as one of the 
consequences of global climate change. It 
has been occurring for the last century and a 
half and has continued in recent decades 
(Schwartz et al. 2006; Ibañez et al. 2010; 
Polgar and Primack 2011). This conclusion 
is based upon several sources of 
information: comparison of recent with 
historical budburst dates, including the 
records of Henry David Thoreau at Walden 
Pond, and comparisons of recent with 
historical herbarium specimens and 
photographs (Primack et al. 2004; Miller-
Rushing et al. 2006; Primack 2014); satellite 
imagery during recent decades (Liang et al. 
2011); yearly records of individual woody 
plants during recent decades (Schwartz 
1994; Rice and Schwartz, in prep.); and 
functional models (e.g. Morin et al. 2009). 

The first author of this paper has 
maintained an ongoing record of budburst 
times for about 400 individuals of 22 
deciduous tree species in Durant, 
Oklahoma, starting in 2006. By observing 
each tree at least weekly, and usually more 
often, the first author determined budburst 
date for each individual using a protocol 
similar to that of the Globe program 
(Globe.gov 2014). The data clearly indicate 
earlier budburst during the nine-year period, 
particularly from 2008-2012, during which 
time several tree species advanced their 
budburst time about two days per year. This 
did not occur in all species, however. In 
particular, budburst did not change in 
American elm (Ulmus americana L.) and 
became later each year in silver maple (Acer 
saccharinum L.), probably in association with 
summer drought and heat damage that 
either directly, or indirectly through 
pathogens, killed many of these trees (Rice 
and Schwartz, in prep). 
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It is, however, invalid to extrapolate the 
trend toward earlier budburst for most tree 
species, because many woody species 
benefit from chilling for timely budburst 
(Schwartz and Hanes 2010). Chilling 
induces the development of structures 
within buds and/or alters the concentration 
of plant growth substances such as 
cytokinins (Hewett and Wareing 1973), a 
process sometimes called vernalization. If 
winters in some areas (such as southern 
Oklahoma) become brief and warm, the 
buds of some species may experience 
insufficient chilling and therefore reduced 
fitness (Luedeling et al. 2011). Some tree 
species also require a minimum daylength 
for budburst (e.g., Heide 1993a). 

In general, we would expect tree species 
that open their buds early in the spring to 
have floral and vegetative structures already 
well-formed within the buds prior to winter, 
while these structures may have to develop 
during the winter in tree species that open 
their buds later in the spring. The tree 
species in the latter group may require 
chilling to initiate and complete the process 
of bud development. We therefore 
hypothesized that tree species that open 
their buds early in the spring do not have as 
much chilling enhancement of budburst as 
tree species that open their buds later in the 
spring. Specifically, we expected a negative 
association between time of budburst and 
chilling enhancement. We used three species 
to test this hypothesis in Oklahoma: 
sweetgum (Liquidambar styraciflua L., 
Altiginaceae), which opens its buds earliest 
of these three species, often in February; 
sycamore (Platanus occidentalis L., 
Platanaceae), which opens its buds later, 
often in March; and pecan (Carya illinoinensis 
(Wangenh.) K. Koch, Juglandaceae), which 
opens its buds last of these three species, 
often in April. 

Numerous studies have examined the 
effect of chilling on budburst, but most of 
these studies have been conducted at higher 
latitudes (e.g., Hunter and Lechowicz 1992; 

Heide 1993b; Chuine 2000). We wanted to 
test the hypothesis using Oklahoma trees, 
which may differ genetically from trees of 
the same species that live in other locations. 
For example, research in other parts of the 
world show that trees such as pecans 
(Kuden et al. 2013) have a chilling 
enhancement of budburst, but we cannot 
conclude from this that Oklahoma trees of 
these species have a similar chilling 
enhancement. 

METHODS 

We selected five individual trees at least 
10 meters in height that are in the long-term 
data set from each of the three species. All 
were in parks or along streets in Durant, 
Oklahoma (Fig. 1). We originally also 
included post oak (Quercus stellata 
Wangenh.), but mortality of twigs during the 
experiment reduced the sample size to only 
one twig in two of the treatments. 

From each tree, we obtained six twigs 
with intact terminal and axillary buds, two 
for each of the three chilling treatments 
described below, resulting in 30 twigs for 
each species (total of 90 twigs). We gathered 
twigs on 18 November 2013, after leaf 
senescence was well advanced but before 
the first frost. We labeled all twigs with 
masking tape. For each tree, we placed two 
twigs in a plastic food storage container 
with wet paper towels and stored them in a 
refrigerator at about 10º C for three weeks, 
and we stored two other twigs for six weeks. 
Six weeks is considerably less than the 
average of approximately 18 weeks between 
first (about November 9) and last (about 
March 28) frost during the previous four 
decades in Durant, Oklahoma (Fig. 2). At 
the end of chilling, we removed the twigs 
and placed them in warm conditions to 
allow budburst to begin. We also placed two 
twigs from each tree immediately into warm 
conditions (0 weeks). These unchilled twigs 
were the control. The warm conditions were 
in a temperature-controlled laboratory 
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(about 25º C) under continuous fluorescent 
illumination. 

Once we exposed the buds to warm 
conditions, we kept the cut ends of the 
twigs continuously submerged in water. We 
checked each twig at least twice a week for 
signs of budburst, defined as green tissue 
showing through separated bud scales  

(Fig. 3). We also changed the water and 
cleansed the cut ends of the twigs with a 
brush to prevent decomposers, living off of 
sap, from blocking the xylem. Eighteen of 
the original 90 twigs failed to burst their 
buds during this experiment and were 
presumed dead. 

Figure 1  The general habitat of the trees used in this study in November 2013 
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Figure 2  Average first and last freeze dates in Oklahoma, 1961-2010 average. Maps modified 
and used with permission from Oklahoma Climatological Survey 
(http://climate.ok.gov/index.php/climate). 

Figure 3  Buds of 
sweetgum 
(Liquidambar 
styraciflua) at various 
stages of budburst. 
The top bud has not 
yet opened, and the 
bud at the lower 
right is just 
beginning to open. 

Durant 
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RESULTS AND DISCUSSION 

Results shown in the following table 
indicate that chilling greatly reduced the 
budburst time in sycamore (p < 0.001) and 
pecan (p = 0.012) but not in sweetgum 
(p = 0.089). Because the data distribution 
was skewed toward early budburst dates, we 
used separate Kruskal-Wallis analyses for 

each species to obtain these values (IBM 
SPSS 2011). All three species burst their 
buds quickly following six weeks of chilling. 
Budburst of unchilled sycamore and pecan 
buds were significantly delayed while 
unchilled sweetgum buds burst quickly after 
exposure to warm temperatures.  

Table  Mean number of days of exposure to warmth that induced budburst in three species of 
trees in southeast Oklahoma. Values in parentheses indicate the number of twigs that were 
exposed to different levels of the treatment (= chilling). Asterisk (*) indicates significant 
difference using Kruskal-Wallis test at p < 0.05. 

Weeks of chilling 

Species Zero Three Six p-value

Liquidambar styraciflua 26.3 (7) 29.8 (9) 24.7 (6) 0.089 

Platanus occidentalis 63.0 (6) 38.0 (10) 21.3 (9) 0.001* 

Carya illinoinensis 53.3 (6) 32.6 (10) 23.4 (9) 0.012* 

DISCUSSION 

The data confirmed the association 
between time of budburst and chilling 
enhancement, based on Oklahoma 
specimens of three tree species. We would 
expect sweetgum to respond the most to 
warmer winters. Gunderson et al. (2012) 
reported that experimentally-imposed 
warmer temperatures caused earlier 
budburst in sweetgum than in three other 
tree species, consistent with our results. 

Global climate change has been 
associated not only with earlier spring 
budburst in deciduous trees but also earlier 
flowering in spring wildflowers and earlier 
spring activity in many kinds of animals 
(Miller-Rushing et al. 2008; Willis et al. 
2008; Primack 2014). The extent to which 
different species respond to global climate 

change may alter the species makeup of an 
ecological community (Miller-Rushing and 
Primack 2008). If future global climate 
change should cause forests in the southern 
United States, such as those in southern 
Oklahoma, to have very mild winters, not all 
deciduous tree species will continue their 
trend toward earlier budburst. Instead, some 
tree species—such as the sycamores and 
pecans in this study—may reverse their 
trend toward earlier budburst and instead 
have later budburst. Flexibility of 
phenological response appears to be an 
important contributor to survival in a world 
of global climate change. The eventual loss 
of chilling temperatures may alter the 
relative growth patterns of deciduous tree 
species in Oklahoma. 
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