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Abstract: Monitoring phenology, the study of the timing of natural events, is an ancient practice that has ex-
perienced renewed interest in the wake of awareness of climate change. Spring onset has been occurring sig-
nificantly earlier in temperate regions worldwide. Leaf out phenology is of particular interest because the 
emergence of leaves in the spring is extremely sensitive to temperature, and leaf out timing controls many 
essential ecosystem processes. This article reviews the current literature concerning the different methods 
used to study leaf out phenology, the controls on leaf out in temperate woody plants, and the effects of cli-
mate change on leaf out phenology. In addition to the traditional method of on-the-ground leaf out monitor-
ing, new methods using remote sensing and dedicated cameras have been developed which allow scientists to 
track spring onset at a much larger scale than had previously been possible. Further work is needed on how 
leaf phenology will respond to future climate change, and the implications of this for interactions among tro-
phic levels. 
Key words: phenology, climate change,leaf out, temperate forest, dormancy release 

 

Introduction 

Interest in the timing of spring, and particularly in 
when leaves come out in temperate regions, has ex-
ploded over the past few decades (Cleland et al., 
2007; Forrest & Miller-Rushing, 2010). The study of 
the timing of leafing out, and other natural annual 
phenomena, is known as phenology. This resurgence 
of interest in the centuries-old practice of monitoring 
phenological events is directly related to the concern 
over anthropogenic climate change (Polgar & 
Primack, 2011). Because leaf out timing is closely 
linked to temperature, it is a reliable way to monitor 
the effects of global warming (Perry, 1971; Linkosalo 
et al., 2006). Around the world researchers have be-
gun closely monitoring the timing of the onset of the 
growing season, marked by the leaf out of trees and 
shrubs. These studies often rely on the same methods 
that have been used by naturalists for centuries, but as 
interest in phenology has increased, so have the 
methods employed to study it. New technology, in-
cluding satellites, is now being used to monitor the 
timing of leafing out over wider areas than was possi-
ble in the past (Delbart et al., 2008; Gonsamo et al., 
2012). Forest and ecosystem ecologists are connecting 
these observations of leaf-out dates to larger issues of 
global climate change, with implications for carbon 
sequestration, the availability of fresh water, and wood 
and tree crop production. Despite all of the research 
that has been done on the effects of climate change on 
leaf out, many questions still remain in the field. The 

specific physiological controls on leaf out in temper-
ate plants are still not well understood. There has also 
been a lot of interest in the possibility that as a result 
of differing responses to climate change, there may be 
temporal mismatches between important trophic level 
interactions. 

Methods used in monitoring leaf out phenology 

Monitoring phenology is an ancient tradition; the old-
est known records of phenological observations are 
thought to date back to China from around 1,000 BCE. 
In Japan there are records of cherry blossoming dates 
for over 1,200 years and in the United States, well 
known figures such as Thomas Jefferson (the third 
president of the United States), Henry David Thoreau 
(famous philosopher and early environmentalist), and 
Aldo Leopold (famous conservationist) all kept de-
tailed phenology records (Bradley et al.,  1999; Pri-
mack & Miller-Rushing, 2012). As technology con-
tinually advances, new methods are being developed 
to monitor leaf out phenology. Currently, there are 
three common ways to study leaf out: on-the-ground 
observations, remote sensing using aerial sensors, and 
near-surface remote sensing using digital cameras. 
These different methods capture phenological data at 
different spatial and temporal scales.  

The recent resurgence of interest in phenology has 
led to leaf out monitoring projects around the world. 
For example, the Japanese Meteorological Agency has 
been recording leaf out, flowering time, autumn leaf 
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color, and other phenological data of individual 
marked plants in phenological gardens at over 100 
weather stations since 1953 (Ibáñez et al., 2010). In 
China the Chinese Phenological Observation Network 
has been monitoring various phenological events for 
several decades (Wang et al., 2012). The International 
Phenological Gardens (IPG) project, a network of bo-
tanical gardens across Europe, has been collecting 
similar data on leaf-out dates of individual plants 
since 1951 (Menzel, 2000). In the United States there 
are several relatively new phenology monitoring pro-
jects including Project BudBurst (http://neoninc. 
org/budburst/), and Nature’s Notebook (http://www. 
usanpn.org/how-observe), which is run through the 
relatively recently formed National Phenology Net-
work (http://www.usanpn.org/).  

Obtaining annual observations of leaf-out dates can 
be time and labor intensive, often limiting studies to a 
small area and/or a small number of study species 
(Fig. 1). To measure leafing out (or green up) on a 
larger scale, remote sensing is emerging as a valuable 
new tool. Remote sensing is the use of aerial sensors, 
such as those mounted on satellites or aircrafts, to ob-
tain information about the earth. There are two distinct 
types of remote sensing used for phenology research. 
Traditional remote sensing studies typically use data 
obtained by sensors aboard orbiting satellites, such as 
the Advanced Very High Resolution Radiometer 
(AVHRR) and the Moderate-resolution Imaging Spec-
troradiometer (MODIS), or equipment aboard Landsat 
satellites (Reed et al., 1994; Ahl et al., 2006; Schwartz 
& Hanes 2010). These sensors identify the presence of 
green vegetation by the ratio of red to far-infrared 
wavelengths of sunlight being reflected from Earth’s 
surface. Because the chlorophyll in leaves preferentially 
absorbs red light as trees leaf out and canopies close in 
the spring, the ratio of red to far-red radiation being 
reflected off of the earth’s surface gradually decreases. 
From this ratio, the Normalized Difference Vegetation 
Index (NDVI) can be derived (Pettorelli et al., 2005). 
NDVI is increasingly being used in remote sensing 
phenology studies. Several recent research papers have 
shown that regional leaf-out data from satellites accu-
rately match ground observations. This is particularly 
important because there is a concern that different to-
pographic features, such as mountains, fields, cities, 
and lakes, might create errors in the detection of 
green-up dates (Fig. 2, Fisher et al., 2006). Remote 
sensing allows us to monitor trends in the onset of 
spring at a much broader scale than would be feasible 
through on-the-ground monitoring alone (Hufkens et 
al., 2012a). 

The other type of remote sensing that is increas-
ingly being used to study leaf out timing is 
near-surface remote sensing. With this method scien- 
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Fig. 1  Leaf out pictures taken at the Arnold Arboretum in 
Boston, Massachusetts USA by scientists monitoring leafing in 
a traditional on-the-ground study (taken by Dr. Richard B. Pri-
mack) 
 
 

 
 
Fig. 2  A graph showing the growth of the leaf canopy over a 
growing season using satellite data from a location in New 
England, in the northeastern United States. The vegetation data 
is fit to logistic growth sigmoid functions and the onset and 
offset of greenness are calculated at the half-maxima of the 
curve. The quality of the data points is indicated by the symbol 
shading, with black diamonds having the least error and white 
diamonds having the most error (Figure from Fisher et al., 
2006). 



第 1 期 Caroline A. Polgar & Richard B. Primack: Leaf out phenology in temperate forests 113 

tists are using digital or web cameras to obtain photo-
graphs of a plant canopy at regular intervals 
(Crimmins & Crimmins, 2008; Ide & Oguma, 2010) 
(Fig. 3). These images are analyzed in a similar way to 
satellite data and can be used in conjunction with data 
obtained by satellites (Hufkens et al., 2012a). Net-
works of these phenology cameras can fill in the spa-
tial and temporal gaps between plant monitoring by 
human observers and regional remote sensing images. 
There has been one such network set up in 12 forests 
across the northern United States that have been suc-
cessfully used to monitor leafing phenology of the 
plant canopy (Richardson et al., 2009). Seven of these 
sites in the United States also have eddy covariance 
towers that monitor the exchange of carbon dioxide 
and water between the atmosphere and the forest, de-
termining how much CO2 the forest is taking up; this 
combination of data from webcams, satellites, and gas 
sensors is providing crucial information on the rela-
tionship between phenology and ecosystem processes, 
especially carbon uptake ( Richardson et al., 2009). 

What factors control when leaf out will occur? 

Leaf out in temperate species is predominantly con-
trolled by temperature, with plants generally leafing 
out earlier in warmer conditions, although warm tem-
perature is not the only factor controlling the timing of 
leaf out. For many species it is a combination of warm 
and cold temperatures that dictates when the leaves 
will emerge from the bud, and for other species, pho-
toperiod is also important (Körner & Basler, 2010). 
There are three broad combinations of factors that 
control leaf out of most temperate woody plant spe-
cies: (1) chilling + warming degree-days + photope-
riod; (2) chilling + warming degree-days; and (3) ex-
tremely limited chilling + warming degree-days. 
Chilling requirements refer to a requirement that a 
plant experiences a certain number of cold days in 
winter, generally somewhere between 0 and 10°C, 
before the buds are able to break dormancy. The exact 
number of chilling units required depends both on 
species and on the weather of the preceding growing 
season (Perry, 1971; Hunter & Lechowicz, 1992).  

The first category, trees requiring a combination of 
chilling, warming, and photoperiod for leaf out, is 
largely seen in long-lived trees of mature forests, such 
as American beech (Fagus grandifolia), the exact re-
quirements of each factor are largely unknown, but 
vary by species and geographically within a species 
(Farmer, 1968; Partanen, 2004; Ghelardini et al., 
2010). Other temperate species fall into the second 
category, with chilling and warming as dominant con-
trols on leaf out, although many still have the ability  
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Fig. 3  A sequence of photos taken over a three week period in 
the spring of 2011 showing the development of the leaf canopy 
at Minute Man National Historical Site, a park in Concord, 
Massachusetts, with a bridge, a monument, and statue as points 
of reference. The leaf out times of individual trees can be seen 
in these photos. Photos by Richard B. Primack. 
 

 
to respond to photoperiod (Caffarra & Donnelly, 
2010). This strategy is favored by early successional 
species, such as hazelnuts (Corylus spp.). This some-
what risky strategy allows trees to respond more 
quickly to episodes of warm temperature in the early 
spring, but also creates more susceptibility to late 
frosts. Yet a third group of species, which includes 
mostly ornamental plants, such as the winged euony-
mus (Euonymus alatus) and Japanese barberry (Ber-
beris thunbergii), has a leafing strategy linked to 
spring temperature with minimal chilling requirements 
and no photoperiod requirement (Körner & Basler, 
2010).   

The vulnerability of trees and other plants to frost 
damage was recently demonstrated when two weeks 
of abnormally warm weather in March 2007 led to 
early leafing out all across eastern and central North 
America. A return of freezing weather in early April 
killed the young leaves and flowers, and caused the 
die back of tree canopies across the region (Gu et al., 
2008). A similar situation occurred in 2010 (Fig. 4, 
Hufkens et al., 2012b). Plants with more conservative 
growth strategies, those that do not respond as quickly 
to warm temperatures were less affected by the frost 
than those species that respond more strongly (Fig.4 
Hufkens et al., 2012b). This type of incident with frost 
damage after a spell of warm weather is predicted to 
become increasingly common as climate change con-
tinues.   
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Fig. 4  A hillside in the northeastern United States showing the 
effects of a late frost following a period of warming. Trees that 
responded more quickly to warm temperatures, such as sugar 
maples, suffered damage to early leaves, while more conserva-
tive leafing species, such as American beech, fared better and 
are developing normally. Figure from (Hufkens et al., 2012b) 
 

Results from leaf out phenology studies aro- 
und the world 

Climate change is already affecting many ecological 
processes, including leafing out (Menzel, 2000; 
Richardson et al., 2006; Ibáñez et al., 2010). By ana-
lyzing long-term records of leaf out dates, much can 
be learned about how the onset of spring has changed 
over time as temperatures have increased. From 
long-term data collected at the International 
Phenological Gardens researchers determined that 
trees in northern Europe have advanced their leaf out 
by an average of one week over the past 50 years 
(Menzel, 2000). In Northern China, the Chinese Ash 
(Fraxinus chinensis) is leafing out earlier across the 
country, at an average rate of 1.1 days earlier/decade, 
but as much as 2 days/decade in northern regions 
(Wang et al., 2012). In Japan, woody plants such as 
forsythia (Forsythia koreana), mulberry (Morus bom-
bycis), and various cherry species (Prunus spp.) have 
advanced their leaf out timing at a rate ranging from 
2–7 days/°C since 1953. In the northeastern United 
States the onset of leafing of three native species, 
American beech (Fagus grandifolia), sugar maple 
(Acer saccharum), and yellow birch (Betula allegha-
niensis), has advanced an average of 5–10 days over 
the past five decades (Richardson et al., 2006). 

Projections for the future  

Using information about phenological responses to 
temperature combined with predictions of future cli-
mate scenarios, scientists can develop models to pro-
ject future phenological changes at the species and 
ecosystem levels. These models are also useful for 
agricultural systems, particularly those dependent on 

tree crops. One modeling study found that the advance 
in leaf out time for most species and places is most 
likely going to continue in coming decades as the cli-
mate continues to warm (Morin et al., 2009). Over the 
next century, advancement in leaf out date is expected 
to greater with increasing latitude for many species 
across Canada, the northern United States, and north-
ern China (Morin et al., 2009; Wang et al., 2012). De-
lays in leaf out, or abnormal leaf out events, are likely 
to occur at the southern end of species ranges if those 
species fail to meet their winter chilling requirement 
(Morin et al., 2009). Species with photoperiod re-
quirements are also unlikely to continue to show lin-
ear advancements in leaf out dates with increasing 
temperatures since photoperiod will not change 
(Körner & Basler, 2010).  

Another method used to inform leaf out phenology 
models in response to climate change is the use of 
results from experimental warming studies. While 
these experimental setups can provide interesting data, 
there is evidence that results from these experiments 
tend to underpredict the response of leaf out to warm-
ing temperatures (Wolkovich et al., 2012). 

As a consequence of the complicated host of factors 
involved in leafing phenology, it is hard to predict 
whether leaf out at the forest level will continue to 
advance linearly with changes in temperature (Morin 
et al., 2009). The possibility of shifts in species com-
position resulting from climate change, as some spe-
cies expand their range and others contract theirs, adds 
yet another layer of uncertainty. If certain early suc-
cessional species with minimal photoperiod and chill-
ing requirements continue to leaf earlier in the spring, 
they may outcompete native plants, leading to an in-
crease in their abundance and distribution, leading to 
these species becoming more dominant, thus shifting 
the leafing out time of the whole forest (Harrington et 
al., 1989; Willis et al., 2010). Additionally, there is 
evidence that in the northeastern United States, 
non-native understory vegetation is also maintaining 
photosynthetically active vegetation later in the au-
tumn than native vegetation, which may also contrib-
ute to shifting species composition (Fridley, 2012). 
The unmet chilling and photoperiod requirements of 
other species may significantly slow the advance of 
leaf out at the whole forest level. These two scenarios 
have consequences for many ecosystem processes, 
including the uptake of carbon dioxide, tree growth, 
forest temperature, and water movement.  

Leaf out and the possibility of trophic mis-
matches 

The onset of spring affects not only plants and eco-



第 1 期 Caroline A. Polgar & Richard B. Primack: Leaf out phenology in temperate forests 115 

system processes, but also organisms that depend on 
those plants. The time during which trees begin leaf-
ing out determines the availability of food and shelter 
for many species, particularly insects. The timing of 
early spring is particularly important for the many 
species that have gone through a long winter with lit-
tle available food, or those bird species completing a 
migration north (Visser & Holleman, 2001). While 
plants are extremely responsive to changes in tem-
perature; other organisms that interact with plants may 
not be quite so quick to respond. For instance, while 
certain species of birds arrive earlier in warmer years, 
other birds do not change their arrival dates, and some 
species are even arriving later (Miller-Rushing et al., 
2008). Similar work is being done with insects as 
well. Select species of butterflies and bees have been 
reported to advance their spring phenology at a rate 
similar to that of plants (Roy & Sparks, 2000; 
Bartomeus et al., 2011). Despite these general results 
there is still the possibility that there may be mis-
matches between specific organisms, if certain insects 
feed only on the young leaves of a particular plant 
species that are present for a limited time in the 
spring, those insect species may decline in abundance 
if they emerge too early or late in the spring relative to 
their food resource (Egusa et al., 2006; Coyle et al., 
2010). This could have cascading effects through 
ecosystems, affecting not only the insects, but also the 
birds or other animals that rely on those insects as 
their primary food source (Both et al., 2009). 

Conclusions 

Earlier leaf-out dates are expected to continue in 
coming decades across much of the temperate regions 
across the world as a result of continued global cli-
mate change. This is likely to have large-scale impli-
cations species composition of forests, species ranges, 
and ecosystem processes such as carbon sequestration 
and water cycling. Through continued monitoring of 
phenology, both observations from on-the-ground and 
remote sensing measurements, ecologists will make 
further progress in understanding the dynamics that 
govern these processes. More work must also be done 
to understand the physiological requirements of leaf 
out, including untangling the chilling, warming and 
day length requirements of individual species, and the 
genetic variation that exists with an individual species 
across its range. Botanical gardens, national phenol-
ogy networks, field stations, and keepers of long term 
phenological records can contribute to these efforts by 
quantifying the differences among species and among 
years in leafing dates for trees, shrubs and vines. 
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