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ABSTRACT 

Phenology, the timing of biological events, is a common metric used to measure 

the effect of climate change on ecosystems. Leaf out timing is a particularly important 

indicator because it is highly sensitive to temperature, represents a critical transition 

point of annual seasonality, and is an important driver of ecosystem processes. The 

mechanisms behind this have recently gained attention, and I wrote a literature review on 

the topic that surveyed what is known and identified topics that require further 

investigation (Chapter 1 ). In the next chapter, I focused on specific aspects of leaf out 

phenology using observation and experimentation. To examine the effects of climate 

change on leafing, I utilized historical records (1852-1860) and made observations 

(2009-20 12) of leaf out in Concord, Massachusetts (Chapter 2). Leafing is now an 

average of 19 days earlier than in the past. Recently published studies suggest that the 

continued advance of leaf out is uncertain; with continued warming, unmet chilling 

requirements may lead to delays in leafing. To address this, I experimentally investigated 

chilling requirements of local species (Chapter 2). I compared the sensitivity of leaf out 
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to spring temperature as measured by field observations, remotely sensed data, and 

experimental warming to determine differences resulting from these methods (Chapter 

3). Earlier leaf out with warmer temperatures was found with all methods; however, 

leafing was more than twice as sensitive to temperature in the field study as under 

experimental warming, with remote sensing intermediate. 

To better understand the effects of climate change on ecosystems, we must obtain 

reliable information about multiple trophic levels. I examined the effects of temperature 

on the flight dates of ten species of Massachusetts butterflies (1895-2009) using both 

museum specimen records and citizen science data: the response of these species is 

similar to that of flowering and bee flight times and significantly greater than changes in 

bird arrival (Chapter 4). As long as investigators are aware of the limitations of each data 

source, historical data, remote sensing, experiments, and citizen science data are all 

effective tools for studying the effect of climate change on phenology. 
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INTRODUCTION 

Climate change is having measurable effects on ecosystems and organisms 

around the world. Phenology, the study ofthe timing of annual natural events, is 

increasingly being used to quantify some of these changes as warming temperatures are 

leading to dramatic shifts in the timing of seasonal events (Badeck et al. 2004, Parmesan 

2006, Forrest and Miller-Rushing 2010). While climate change is the current impetus for 

the initiation of many phenological studies, the history of monitoring natural events goes 

back more than a thousand years. Cherry flowering dates in Japan date back over 1200 

years (Primack et al. 2009). In Europe there are phenological datasets from the 18th and 

19th centuries (Rutishauser et al. 2009, Brazdil et al. 2011). In the United States several 

famous historical figures, including Thomas Jefferson, Henry David Thoreau, and Aldo 

Leopold kept phenological records (Bradley et al. 1999, Miller-Rushing et al. 2008a). In 

addition to their historical value, these records are now important scientific documents as 

well. Using records of past events such as flowering, leafing, or migratory bird arrival 

dates, combined with contemporary records collected in the same location gives us a way 

to determine whether any changes in the phenologies, and sometimes of the abundance, 

of these species are taking place. 

The effect of climate change on phenology is of great interest for many reasons. 

The timing of leaf out is of particular importance because it marks the onset of the 

growing season and controls several essential ecosystem processes, including carbon 

sequestration and hydrology (Goulden et al. 1996, Kaduk and Los 2011). Leaf out 

phenology can be monitored using several different methods. The traditional method of 
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monitoring leaf out consists of walking around an area and observing when particular 

individuals or species put out leaves for the first time in the spring. This is the method 

Henry David Thoreau and Aldo Leopold used, and it is still employed by many scientists 

today (Miller-Rushing and Primack 2008, Ibanez et al. 201 0). In temperate areas around 

the world there is strong evidence that the timing of leaf out is advancing in response to 

warming temperatures (Menzel 2000, Doi and Katano 2008). Behind this the general 

trend in advancing leaf out phenology are the responses of individual species, the 

phenologies of which respond to warming at different rates and have different 

requirements for the breaking of dormancy. One trait that differs among species is the 

amount of chilling that a species requires before bud development can begin (Perry 

1971 ). As climate change continues to raise winter temperatures, there is a chance that 

the chilling requirement of some species may not be met, possibly resulting in delayed or 

abnormal budburst. This outcome could drastically change the species composition of 

temperate forests. 

As technological advances and a resurgence of interest in phenology have 

converged, new methods for phenology monitoring or experimental studies have been 

developed. With the use of remote sensing, either through sensors mounted on satellites 

(Zhang et al. 2003, Fisher et al. 2006), or the use of digital cameras mounted above the 

forest canopy (Richardson et al. 2007), spring onset can be monitored at a larger scale 

than is feasible through on the ground methods. Experimental warming studies submit 

plants to altered environmental conditions, such as increased temperature or C02 levels, 

in an attempt to predict how plant phenology will react to future conditions under climate 
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change (Price and Waser 1998, Nakamura et al. 2010). As we integrate new methods of 

phenological monitoring into the literature, and use the results they produce to inform 

models, it is important to understand the differences in results among different methods. 

To more completely understand the effects of climate change on ecosystems it is 

important to look at the responses to climate change of multiple trophic levels (Menzel et 

al. 2006b). If the responses of organisms across trophic levels are significantly different, 

there is the possibility for temporal mismatches between associated organisms that could 

have detrimental impacts on important ecosystem processes such as pollination. While 

birds and plants have been well studied, there are less data available on the impacts of 

climate change on insects, particularly in North America. Although not as many long 

term records detailing insect phenology are available, museum data and citizen science 

data can be used for the same purpose. 

Chapter 1, Leaf-out phenology of temperate woody plants: from trees to ecosystems 

Leafing out of woody plants begins the growing season in temperate forests and 

is one of the most important drivers of ecosystem processes. The leaf 

development of almost all temperate tree and shrub species is highly sensitive to 

temperature, making the vegetation phenology of temperate forests valuable for 

observing effects of climate change. I reviewed the established literature on leaf 

out phenology to create a comprehensive look at leaf out phenology in temperate 

forest ecosystems now and in the future. I examine what controls leaf out and 

how that varies among temperate woody plant species. I also address the issue of 
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how climate change will affect leaf out phenology and what that will mean for 

ecosystem processes and forest composition. Another focus of this review is the 

different methods used to study leaf out, both traditional methods, and newly 

emerging methods that rely on satellites and digital technology. 

Chapter 2, Leaf out in Thoreau's Concord and beyond: a study of chilling and 

warming 

Phenology has become one of the most common metrics with which to measure 

the effect of climate change on temperate species and ecosystems. Most 

temperate woody plants advance their leaf out timing in response to warmer 

temperatures, individual species respond to temperature changes at different rate. 

In this study we examine the .changes in leaf out timing of 43 species of trees and 

shrubs in Concord, Massachusetts between two time periods, 1853-1860 and 

2009-2012 in response to warming temperatures. We also look at some of these 

same species to experimentally determine the chilling required by these species 

before they are able to leaf out. Are plants leafing earlier in our years than in 

Thoreau's years? If so, are those that leaf out early in the growing season more 

responsive to temperature than later leafing species? 

Chapter 3, Tree leaf out response to temperature: comparing field observations, 

remote sensing, and a warming experiment 
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Leaf out time is a widely used indicator of climate change and represents a 

critical transition point of annual seasonality in most temperate ecosystems. As 

investigators begin to use new methods of monitoring leaf out phenology, such as 

remote sensing and experimental warming it is important to understand whatever 

biases result from each method. I compared three sources of leaf out phenology 

data: field observations, remotely sensed satellite data, and experimental 

warming. The questions addressed in this study were: I. What is the response of 

plant leaf out to temperature? And 2. How do the results differ when obtained 

through three different methods? 

Chapter 4, Climate effects on the flight period of Lycaenid butterflies in 

Massachusetts 

In this study I examined the effect of spring temperature and precipitation on the 

flight dates of I 0 short-lived species of Massachusetts butterflies from two genera 

within the Lycaenidae family. I obtained records of butterflies in flight from 

I895-2009 from museum and citizen science data. In this study I addressed 

several questions. Which, if any, environmental factors drive the flight timing of 

butterflies in Massachusetts? Are butterflies advancing their flight dates in 

response to temperature? Is the response rate to temperature of these butterfly 

species is similar to the rate seen in plant flowering, bee flight times, and bird 

arrival dates in the same area? Can we determine all of these answers using 

museum and citizen science data? 
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CHAPTER! 

LEAF-OUT PHENOLOGY OF TEMPERATE WOODY PLANTS: 

FROM TREES TO ECOSYSTEMS 

ABSTRACT 

Leafing out of woody plants begins the growing season in temperate forests and 

is one of the most important drivers of ecosystem processes. There is substantial 

variation in the timing of leaf-out, both within and among species, but the leaf 

development of almost all temperate tree and shrub species is highly sensitive to 

temperature. As a result, leaf-out times of temperate forests are valuable for observing 

effects of climate change. Analysis of phenology data from around the world indicates 

that leaf-out is generally earlier in warmer years than in cooler years and that the onset of 

leaf-out has advanced in many locations. Changes in the timing of leaf-out will affect 

carbon sequestration, plant-animal interactions, and other essential ecosystem processes. 

The development of remote sensing methods has expanded the scope of leaf-out 

monitoring from the level of an individual plant or forest to an entire region. Meanwhile, 

historical data have informed modeling and experimental studies addressing questions 

about leaf-out timing. For most species, onset of leaf-out will continue to advance, 

although advancement may be slowed for some species because of unmet chilling 

requirements . More information is needed to reduce the uncertainty in predicting the 

timing of future spring onset. 
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INTRODUCTION 

The emergence of leaves on deciduous trees signals the transition from winter to 

spring and the onset of the growing season in temperate forests . The timing of this 

transition - from leafless, dormant trees to branches tinged with green - has enormous 

implications across ecological scales ranging from individual trees to the global climate. 

The study of the annual timing of developmental events is known as phenology (Badeck 

et al. 2004, Forrest and Miller-Rushing 2010). Extensive evidence has shown that over 

the past few decades, global climate change has been responsible for forcing rapid 

changes in the phenology of many species and communities, including the leaf-out of 

temperate and boreal woody plants (Myneni et al. 1997, Menzel 2000, Parmesan 2006, 

Primack et al. 2009). Understanding the mechanisms and controls regulating leaf-out, 

how these mechanisms differ among species, and how the timing of leaf-out in plant 

species, populations, and communities will be affected by climatic changes, would be 

helpful in the management and conservation of natural areas and in forecasting future 

changes in the carbon budgets of ecosystems. 

Although the exact physiological mechanisms and interactions that control leaf­

out are still not known for most plant species, it is understood that leaf development in 

most species is extremely sensitive to temperature (Perry 1971 , Linkosalo et al. 2006). 

This close relationship to temperature leads to large year-to-year variation in the timing 

of spring onset. Differences in responses to regulating mechanisms account for variation 

in leaf-out times among species (Lechowicz 1984). While inter-annual variation is 

expected, anthropogenic global climate change has led to significant directional changes 



8 

in the onset of spring across the world that cannot be attributed to normal year-to-year 

variation alone (Schwartz and Reiter 2000, Parmesan 2006, Ibanez et al. 201 0). This shift 

in leaf-out timing results from the dominant role that temperature plays in vegetative 

development, making plants highly responsive to, and an excellent indicator of, changes 

in climate. Monitoring plant phenology, especially flowering time, is a popular approach 

through which to study the biological effects of recent climate change (Menzel and 

Fabian 1999, Menzel et al. 2006a). 

How plants respond to climate change has significant consequences for world 

ecosystems. Changes in the length and timing of the growing season, and shifts in the 

habitat ranges of plant species, can have substantial effects on ecosystem dynamics such 

as carbon and water cycling and plant-animal interactions (White et al. 1999, Parmesan 

2006, Piao et al. 2008), as well as possible economic effects for industries relying on tree 

species, such as apple, peach, and maple sugar production (Chmielewski et al. 2004, 

Eccel et al. 2009). The timing of leaf-out may affect individual plants by allowing for 

greater rates of photosynthesis, influencing production of biomass, or by putting the plant 

at risk of damage from a late frost (Menzel and Fabian 1999, Doi and Katana 2008). The 

enormity of the effect that leaf-out timing has on so many processes of temperate forests 

makes understanding the processes and responses of bud burst critical both for 

understanding current ecology and for accurately modeling future forest and tree-crop 

dynamics (Wesolowski and Rowinski 2006). 
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During the past few years, the range of people interested in leafing-out phenology 

has grown, as have the methods employed to study it, largely as a result of its relevance 

to global climate change (Forrest and Miller-Rushing 2010, Polgar and Primack 201la). 

In fact, in papers associated with the lSI Web of Science, the proportion of papers that 

mention "phenolog" along with "climate" has been rising steadily since 1990 (Sparks et 

al. 2009). In this technologically focused age, we are developing new methods with 

which to continue this centuries-old trend of monitoring natural events, such as using 

satellites and digital cameras, that can greatly expand the ability of researchers to study 

the trends in current timing of leaf-out and to model those of the future (Zhang et al. 

2004, Delbart et al. 2008). 

In order to quantify long-term variation in leaf-out timing, it is necessary to have 

historical records of these events. Fortunately, there is a long history of interest in 

phenological monitoring from around the world, particularly in Asia and Europe, where 

historical phenological records, some over a thousand years old, have been discovered 

(Wolfe et al. 2005, Aono and Kazui 2008). Although most records are more recent than 

these, sufficient historical data exists to offer a clear picture of leaf-out history in many 

parts of the world (Sparks et al. 2009). These records vary widely in their scope and 

length, but they have made possible much of the contemporary research into the 

phenological effects of climate change and have led to some important discoveries. 

Several recent papers have applied an ecological perspective in reviewing studies 

detailing changes in plant phenology as a result of climate change (Parmesan 2006, 

Cleland et al. 2007, Rutishauser et al. 2009). Cleland and colleagues (2007) give a 
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particularly noteworthy examination of the literature, approaching the subject of 

changing plant phenology from different angles including modeling, observational and 

experimental studies, and remote sensing work. In this present review, we look 

exclusively at leaf-out phenology, focusing on the factors that control leaf-out and the 

changes over time, both at the level of particular species and that of ecosystem processes. 

We also examine the physiological differences among species in order to explain the 

large differences in leaf-out times within a single plant community. We discuss specific 

leaf-out phenology monitoring programs and techniques, and the effect that warming has 

had on the leaf-out dates of different species. We also explore the possibility of changing 

species composition and phenology in temperate forests as a result of shifting ranges due 

to the ongoing warming of our climate. 

What triggers a plant to leaf out? 

Within any temperate plant community, trees and shrubs vary widely in leaf-out 

times, both among and within species (Lechowicz 1984). Variation is seen year-to-year, 

but can also be observed in one growing season among individuals in different 

microhabitats within one population. Sugar maple (Acer saccharum) seedlings growing 

in the understory will often leaf-out earlier than adults in the canopy, thus taking 

advantage of the light availability that will be sharply decreased once the forest canopy 

fills in (K wit et al. 201 0). Individuals of the same species often have different 

requirements for leaf-out based on geographic location. In Norway, Scots elm (Ulmus 

glabra) individuals in different locations leaf out at different times, even when growing 
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under similar conditions; individuals from inland populations generally leaf-out before 

those from coastal regions (My king and Skroppa 2007). The high sensitivity of bud and 

leaf development to temperature makes variation in leaf-out a normal occurrence, and an 

adaptive trait that ensures maximization of growing season length while minimizing the 

danger of frost damage (Kramer et al. 201 0). The exact combination of factors and the 

genes involved in triggering leaf-out are still largely unknown for most species (Howe et 

al. 2003). At the simplest level, most experts agree that a combination oftemperature and 

photoperiodic cues are responsible for the timing of bud burst in most temperate woody 

plants. 

Temperature 

Air temperature is the most important factor in regulating budburst and leaf-out in 

temperate and boreal woody plants (Linkosalo et al. 2006). The aspects of temperature 

that most influence leaf-out timing can be broken down into two components: sufficient 

chilling in the winter, and warm temperatures in the spring that allow for the subsequent 

development of buds to the point of bursting (Hunter and Lechowicz 1992). The term 

'chilling requirement' refers to the obligate exposure of plants to cold temperatures for a 

period oftime before they break dormancy. The specific amount of exposure to cold 

temperatures required to meet this chilling requirement differs among species (Morin et 

al. 2009). Freezing temperatures are not required to fulfill the chilling requirements of 

most species; for many species oftemperate trees and shrubs, temperatures below 12°C 

seems to be a temperature threshold that allows both the induction of dormancy in late 
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fall and the breaking of dormancy in the late winter (Heide and Prestrud 2005). Although 

l2°C is a threshold, the optimal temperature at which chilling occurs for most species is 

about 6°C, with temperatures below 0°C and above 1 0°C, generally not contributing to 

the chilling requirement (Perry 1971, Heide and Prestrud 2005). In addition to the 

differences among species, there is evidence that the position of the bud on the branch 

also dictates the importance of chilling. For example, in European beech (Fagus 

sylvatica), chilling has a stronger effect on apical buds than on lateral buds (Falusi and 

Calamassi 1990). The role of chilling requirements in breaking dormancy in woody 

plants is still debated by experts, but is generally agreed to differ among species (Vitasse 

et al. 2009). The period of dormancy is reduced throughout the winter as the individual is 

exposed to chilling temperatures (Cannell and Smith 1986). Sufficient chilling is a signal 

to the plant that it is safe to begin leaf development within the bud (Perry 1971 ). 

After chilling requirements are met, a certain amount of thermal time (degree 

days; time above a given temperature threshold; often somewhere between ooc and 5°C) 

is required for budburst and the unfolding of leaves or flushing of needles (Cannell and 

Smith 1986, Heide 1993a). The temperature threshold from which accumulated thermal 

time begins differs between and among species, and there is a strong genetic control over 

requirements (Rousi and Pusenius 2005, Sanz-Perez et al. 2009). Thermal time required 

for leaf-out decreases as individuals experience increased duration of chilling, although 

the exact relationship varies among species (Figure 1-1) (Heide 1993a). The rate of 

development of many species is linearly correlated with temperature and the growing 

season begins earlier in warmer years (Snyder et al. 1999). In northern Europe an 
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increase of 1 oc can advance the start of the growing season anywhere from 3-8 days 

(Karlsen et al. 2007). While much of the preparation for dormancy, such as the growth of 

new buds, occurs during the summer, temperatures during the summer are reported to 

have no measurable effect on the timing of leaf-out the following spring (Chuine and 

Cour 1999). 

Photoperiod 

Photoperiod is understood to play a role in regulating the leaf-out of some 

temperate woody plants. Not all species respond to photoperiod cues, and not all 

populations of a species have the same requirements (Farmer 1968, Ghelardini et al. 

201 0). The exact role of photoperiod in timing of leaf-out and its interaction with 

temperature requirements is not fully understood, but is better documented for some 

species than others. For example, studies dating back to the 1960s of Norway spruce 

(Picea abies) confirm the importance ofphotoperiod to needle flush (Heide 1974). 

Sensitivity to photoperiod may be an important defense for plants against the variability 

of temperature; by taking cues from the amount of nighttime darkness experienced, 

plants can avoid breaking dormancy too early in the event of an abnormally early warm 

spell (Vihera-Aarnio et al. 2006, Korner and Basler 201 0). Populations of a given species 

often have differing photoperiodic requirements across a latitudinal gradient, which are 

known as photoperiodic ecotypes (Partanen 2004, Vihera-Aarnio et al. 2006). Some 

species must experience a certain photoperiod for leaf-out to occur, regardless of how 

high the temperature gets (Caffarra and Donnelly 201 0). In particular, long-lived trees of 
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mature forests , such as American beech (Fagus grandifolia), some oak species (Quercus 

spp.), and hackberry (Celtis occidentalis), rely on a combination of photoperiod and 

temperature cues to break dormancy (Caffarra and Donnelly 201 0). 

Many early successional opportunistic species such as birches (Betula spp. ), 

hazelnuts (Corylus spp.), and poplars (Populus spp.) do not have a photoperiod 

requirement to break winter dormancy, but do have chilling requirements (Komer and 

Basler 2010). This allows trees to respond more quickly to episodes of warm temperature 

in early spring, but also creates more susceptibility to late frosts (Caffarra and Donnelly 

2010, Komer and Basler 201 0). Although these species have no photoperiod requirement 

as such (they can break dormancy given the correct temperature regardless of day 

length), they are nonetheless able to respond to day length cues. In many cases, exposure 

to longer days and shorter nights allows them to break dormancy even if the chilling 

requirement has not been met (Farmer 1968). A third group of species, which includes 

mostly ornamental plants from warmer climates such as domestic cherries (Prunus spp. ), 

has a leafing strategy linked almost exclusively to spring temperature, with minimal 

chilling and no photoperiod requirement (Komer and Basler 201 0). 

Variation in leaf-out among species 

There are large interspecific differences in leaf-out timing even when individuals 

are exposed to the same conditions (Lechowicz 1984, Murray et al. 1989). In terms of 

opportunity for carbon fixation it should benefit a tree to leaf-out as early as possible in 

the spring. The cost for early-leafing trees is the danger of a late frost that could damage 
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its leaves and conducting tissues (Bennie et al. 201 0). The trade-off between greater 

productivity and higher frost risk may play a role in the variation in leafing strategies of 

different species. 

Differences in stem anatomy may explain part of the reason why certain co­

existing species tend to consistently leaf-out at different times (Lechowicz 1984, Sanz­

Perez et al. 2009). Diffuse porous species, those that produce uniformly small vessel 

elements throughout the growing season, tend to leaf-out earlier in the spring, including 

maples (Acer spp. ), birches, alders (Alnus spp. ), and poplars (Lechowicz 1984). Their 

smaller vessel elements are less susceptible to embolism during the winter, which allows 

them to begin to meet demands of transpiration earlier in the growing season (Wang et al. 

1992, Barbaroux and Breda 2002). Ring porous species, such as oaks, ashes (Fraxinus 

spp.), and hickories (Carya spp.) , have less uniform vessel elements, producing larger 

vessels in the spring and smaller ones later in the growing season. Their large vessels 

suffer more damage from winter freezing, requiring them to produce new vessels in the 

spring to transport water and often leading them to leaf out later than co-existing diffuse 

porous species. Although the presence of fewer embolisms in conductive tissue has been 

found to be linked to earlier leafing, there are many exceptions to this trend, and stem 

anatomy does not explain all of the variation in foliar phenology (Lechowicz 1984, Wang 

et al. 1992). 

There are several other factors that likely contribute to the differences in leaf-out 

time among species. The amount of genetic diversity of a species impacts its ability to 

respond phenologically to changing temperatures; species with low genetic diversity 
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have far more limited variation in budburst dates across a region than those species with 

high diversity (Doi et al. 2010). Another theory for explaining differences in leaf-out 

timing among species is evolutionary response to herbivory pressures (Wang et al. 1992). 

In two co-occurring varieties of the English oak (Quercus robur), one variety leafs out as 

much as five weeks earlier than the other but suffers significantly more herbivore 

damage, suggesting that the opportunity cost of losing more than a month of 

photosynthesis is offset by the decrease in foliar damage (Wesolowski and Rowinski 

2008). 

Detecting differences in leaf-out both within and among species - whether 

during a single growing season across a variable regional landscape or during a time 

frame of years, decades, or centuries- requires a system of phenological monitoring to 

compare springtime events to those of the past in order to observe temporal trends. 

Monitoring Leaf-out 

Phenological changes in response to a changing climate, unlike changes in 

population size or distribution, can be relatively easy to detect, which is one reason for 

the popularity of phenological studies for climate change research (Forrest and Miller­

Rushing 201 0). Quantifying what constitutes leaf-out or budburst, however, is not 

straightforward, and definitions vary from study to study. For example, Project Budburst, 

an American citizen-science phenology network, considers the first-leaf date to be the 

day on which there are completely opened leaves, in which the leaf stem or base is 

visible, on at least three places on the tree or shrub. A similar, but slightly different 
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definition is used by the International Phenological Gardens (IPG) in Europe, where a 

plant is considered to have leafed when the first regular surfaces of the leaf are visible in 

three to four places on the plant (Chmielewski and Rotzer 2001). In Germany, a 

comprehensive phenological scale has been developed for a wide variety of crop plants. 

The scale, which also describes plant phenophases in general, is called the Biologische 

Bundesanstalt, Bundessortenamt and Chemical Industry (BBCH) scale. A cooperative 

effort between several governmental agencies, the scale gives each plant phenological 

stage a number and defines it. Leaf development is plant principal growth stage 1. (An 

English version of the BBCH scale is available online: 

http://www .j ki . bun d. de/fileadmin/ dam_ uploads/_ veroeff/bbch/BBCH­

Skala_englisch.pdf). Originally intended for use in the agricultural and forestry fields, 

this scale has been used to define leaf-out in many phenology studies (Nordli et al. 2008, 

Kalvane et al. 2009). The Spanish government has a similar standardized protocol for 

phenological studies (Gordo and Sanz 201 0). While a more universal protocol for 

monitoring leaf-out would be helpful to make more precise comparisons between studies 

possible, quantification of changes in leaf-out timing have been found to be quite robust 

across studies despite methodological differences (Parmesan 2007). 

Scientists and others interested in nature have been monitoring the leafing and 

flowering times of plants for hundreds of years. In Japan, records of the flowering dates 

of cherry trees date back to 705 BCE; in Europe, flowering records date back to 371 BCE 

(Aono and Kazui 2008, Sparks et al. 2009). Although to our knowledge there are no 

American records of equivalent age, there is an extensive dataset of leaf-out dates 
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compiled by Henry David Thoreau for the plant community of Concord, Massachusetts 

in the 1850s. The existence of historical records, particularly for flowering dates but also 

for leaf-out, has proven extremely valuable for determining the effect of climate change 

on plants (Bradley et al. 1999, Miller-Rushing and Primack 2008, Ibanez et al. 2010). 

Traditional phenological monitoring consists of walking around an area and 

recording which plants have reached a given phenophase. While that method is still 

practiced today, the development of new technology has led to a variety of new 

techniques, such as remote sensing, which are now widely used (Reed et al. 1994, Fisher 

et al. 2006, Ide and Oguma 201 0). As with definitions of leaf-out, the many 

methodologies that exist to monitor leaf-out present a challenge for comparing results 

across different studies (Morisette et al. 2009, Schwartz and Hanes 2010b). 

Phenological monitoring by direct observation 

Interest in phenology has led to implementation of leaf-out monitoring projects 

around the world. For example, the dates ofleaf emergence of individual trees and shrubs 

of several common species have been monitored at Harvard Forest in Massachusetts each 

spring for over 20 years (Harvard Forest, http://harvardforest.fas.harvard.edu/). The 

Japanese Meteorological Agency has been recording leaf-out and other phenological data 

of marked individual plants in phenological gardens at over 100 weather stations since 

1953 (Ibanez et al. 201 0). Europe, which also has a rich history of phenological 

observation, has the lPG, a network of botanical gardens that has planted clones of 

several species across 89 sites in 19 countries in a concerted effort to establish a large 
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standardized phenology project. The lPG project has been collecting data on leaf-out 

dates and other phenophases of individual plants since 1951 (Menzel 2000, Defila and 

Clot 2001). 

The United States historically has had fewer continental-scale ecological 

monitoring programs than Europe or Japan (Richardson et al. 2007). One of the few 

long-term, planned phenology projects in the United States was the planting of lilacs 

(Syringia vulgaris and S. chinensis) and honeysuckles (Lonicera tatarica and L. 

korolkowii) in the 1950s and 1960s (Schwartz 1994). This project was initiated to 

monitor phenology with the ultimate goal of improving farming practices. In addition to 

information generated for farming, it provides a long-term North American dataset that 

may be used to look at the effect of climate change on important ornamental species 

(Wolfe et al. 2005). While the United States lags behind Europe in phenological 

networks, recent efforts have been made to close this gap, and the establishment of the 

National Phenology Network has created an umbrella organization where new and 

historical phenological datasets can be gathered in one place (Mayer 201 0). 

Although the phenology monitoring schemes that are best represented in the 

scientific literature are those run by scientists, citizen science projects that include leafing 

out times can also be a valuable tool for phenological monitoring, particularly in 

residential areas (Cooper et al. 2007). The combination ofthe relative ease with which 

phenological observations can be carried out, the abundance of plants in most urban, 

suburban, and rural areas, and the recent surge of interest in climate change and all things 

"green," makes monitoring flowering and leafing out times a perfect focus for citizen 
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science projects. Although there is much debate as to just how much scientific value 

these projects provide, with proper oversight and quality control they can potentially 

generate detailed observations over a wide area (Mayer 201 0). In the United States, 

Project Budburst and the National Phenology Network's Nature's Notebook program are 

just two examples of nationwide projects using volunteers to collect phenological data, 

including the date of first leaf-out for a number of common and easily identifiable 

species, that participants submit through a website (USA-NPN, 

http://www. usanpn.org/participate/observe; Project Bud burst, 

www.neoninc.org/budburst) (Morisette et al. 2009). 

Phenological monitoring through remote sensing 

Obtaining annual observations of leaf-out dates can be time and labor intensive, 

constraints that often limit studies to a small area around a field station and/or to a small 

number of focal species. Remote sensing has emerged as a valuable new tool that can 

effectively monitor leaf-out phenology at a larger scale, such as an entire forest, 

ecosystem, or region. Remote sensing studies typically use data obtained by sensors 

aboard orbiting satellites, such as the Advanced Very High Resolution Radiometer 

(A VHRR) and the Moderate-resolution Imaging Spectroradiometer (MODIS), or 

equipment aboard Landsat satellites (Reed et al. 1994, Kathuroju et al. 2007, Schwartz 

and Hanes 201 Ob ). Data obtained from satellites are used to calculate changes in 

greenness over a growing season, which offers several options to create data values that 

will to correlate with leaf-out on the ground. Some common methods used for remote 
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sensing data are the point of inflection of the greenness curve and the date at which half 

of the total leaf cover has developed (Reed et al. 1994). 

Several recent papers have shown that regional leaf-out data from satellites can 

accurately match ground observations, although the method is not without complications 

(Delbart et al. 2005, Fisher and Mustard 2007, Liang et al. 2011, Pouliot et al. 2011). For 

example, difficulties arise from a variety of factors relative to the scale at which the study 

is being done, the particular source of the data, and the cloud, shadow and other signal 

noise that can interfere with the collection of data using satellites (Pouliot et al. 2011 ). In 

studies examining small areas, there is concern that different topographic features, such 

as mountains, fields, cities, and lakes, might create errors in the detection of green-up 

dates. Mixtures of deciduous and evergreen trees can also lead to problems of 

interpretation. In one study, Fisher and colleagues (Fisher et al. 2006) used Landsat and 

MODIS data and incorporated landscape features into their analysis. Adding landscape 

feature data into the analysis enabled the research team to detect a delay in leafing out at 

the base of hills due to cold air drainage, a delay in coastal areas due to the cooling 

effects of the ocean, and a one-week delay in leaf-out for deciduous forests in rural areas 

compared to those in nearby urban areas (Figure 1-2). While such variations in leaf-out 

dates are sometimes already known from ground observations, the ability to detect such 

effects using remote sensing greatly extends our ability to map leafing out over large 

areas and to detect regional patterns. 

While remote sensing techniques capture data at larger scales than on-the-ground 

monitoring, they are not practical for monitoring individual plants or species. Remote 
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sensing also generally captures only images from the canopy, and overlooks understory 

vegetation. 

Remote sensing is not confined to the use of satellite data; the term can also be 

applied to "near-surface" remote sensing approaches for monitoring leaf-out, such as the 

use of digital cameras mounted in forest canopies. This can be carried out using 

commercially available cameras, including webcams, point-and-shoot cameras, and 

digital SLR cameras, making it relatively inexpensive (Crimmins and Crimmins 2008, 

Richardson et al. 2009a). Cameras are generally placed in fixed locations that are used to 

record images of the leaf canopy or individual trees at regular intervals throughout the 

growing season. Networks of these cameras can fill in the spatial and temporal gaps 

between localized, labor-intensive monitoring by human observers and regional remote 

sensing images; they continuously cover an entire canopy, yet they can still be used with 

higher resolution, for individual tree, species or community scale studies, than would be 

possible with satellite imagery (Richardson et al. 2007, Ide and Oguma 201 0). The use of 

digital cameras for phenological monitoring is particularly helpful in areas that 

experience frequent cloud-cover and therefore have gaps in satellite data. Cameras 

mounted in forest canopies are below clouds, and are therefore unaffected. 

Images from digital cameras can be analyzed to determine the seasonal trajectory 

ofbudburst, green-up, and senescence, similar to the analysis done on satellite data. For 

example, at 12 forests in the northern United States, researchers have set up a network of 

phenology-monitoring cameras. Seven of the sites in this network also have eddy flux 

towers that monitor the exchange of carbon dioxide and water between the atmosphere 
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and the forest. This combination of data from cameras, satellites, and gas sensors is 

providing crucial information on the relationship between phenology and ecosystem 

processes, especially carbon uptake and loss (Richardson et al. 2009a). Results of this 

study and other, similar studies from Japan and elsewhere show that analysis of images 

from digital cameras can be accurately used to detect the green-up dates of various plant 

types (Ahrends et al. 2009, Ide and Oguma 2010). A nationwide phenology monitoring 

project using internet-connected cameras across the United States has been set up by 

accessing free data from cameras originally set up for non-scientific purposes, such as 

cameras on highways or at airports (Graham et al. 201 0). Searching for these cameras 

online, the researchers were able to obtain enough high-quality data that they could 

reliably calculate the date of spring onset across the United States. 

Leaf-out and climate change 

There is overwhelming evidence that anthropogenic climate change is already 

affecting phenology (Walther et al. 2002, Root et al. 2003, Parmesan 2006). In a meta­

analysis of the effect of climate change on 677 species of plants and animals, 62% 

showed advancement of spring events, including budburst, flowering, and arrival of 

migratory birds (Parmesan and Yohe 2003). The high levels of phenotypic plasticity in 

plants and the close relationship between timing of leaf-out and temperature makes 

spring plant phenology particularly responsive to temperature changes, and therefore one 

of the best systems in which to observe the effects of climate change (Menzel2000, 

Richardson et al. 2006, Ibanez et al. 2010, Vitasse et al. 2010). 
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Long-term data sets are invaluable in quantifying the changes occurring over time 

in leafing onset. Analysis of data collected at the IPG allowed researchers to determine 

that trees in northern Europe have advanced their leaf-out by an average of one week 

over the past fifty years (Figure 1-3) (Menzel2000). Data gathered by the Japanese 

Meteorological Agency showed that woody plants such as forsythia (Forsythia koreana), 

ginkgo (Ginkgo biloba), and various cherry species leafed out 2-7 days earlier for every 

1 oc of warming between 1953 and 2005; it is also true that at a few sites ginkgo trees 

were actually leafing out later than they did in the past (Ibanez et al. 2010). In North 

America, at the Hubbard Brook Experimental Forest in New Hampshire, the onset of 

leaf-out of American beech, sugar maple (Acer saccharum), and yellow birch (Betula 

alleghaniensis) has advanced an average of 5-10 days over the past five decades 

(Richardson et al. 2006). 

To help predict how ecosystems, populations, and particular species will respond 

to climate change, models are being developed in association with climate projections to 

give us some insight into the future of temperate forests, and their associated species. 

Models range in scope from specific to quite broad. Experimental studies where plants 

are subjected to simulated future conditions are often used to provide additional insight 

into future plant phenological changes and to test, or inform, leaf-out models (Hanninen 

et al. 2007). By examining the future of leaf-out phenology under future climate change 

we can more accurately predict the changes to ecosystem processes and species 

distributions that may result. 
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Ecological interactions at riskfrom earlier leaf-out? 

The possibility of ecological mismatches between different groups of 

interdependent organisms as a result of rapid climatic changes is a concern across aquatic 

and terrestrial ecosystems worldwide (Sagarin et al. 1999, Both et al. 2009). While many 

groups of organisms are responsive to changes in temperature, the response rates across 

trophic levels can be different (Both et al. 2009). For instance, while the flowering dates 

of almost all plant species in Concord, Massachusetts are advancing, only 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. 2008a, Miller-Rushing and 

Primack 2008). The time at which trees begin to leaf-out determines the availability of 

food and shelter for many species, particularly insects. It is common for insects to feed 

only on the young leaves of a particular plant species; as leaves age they often become 

tougher and contain compounds that make them unpalatable or poisonous for herbivores 

(Feeny 1970, Egusa et al. 2006, Coyle et al. 2010). If these insects emerge too early or 

late in the spring relative to their food resource, their abundance is likely to decline, as 

has been reported in populations of winter moths (Visser and Holleman 2001) and red 

admiral butterflies (Visser and Both 2005). Animals such as birds, mammals, and spiders 

that depend on those insects for food may similarly decline in abundance, creating 

cascading effects through multiple trophic levels (Philippart et al. 2003, Both et al. 

2009). 

Increased likelihood of frost damage with early spring warming 
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The increased risk of frost damage to trees and other plants with increased 

springtime warming was suggested as a possible threat from global warming as early as 

the 1980s (Cannell and Smith 1986). This prediction has been realized in recent years. In 

2007 eastern and central North America experienced abnormally warm weather in 

March, which triggered early leafing out. Subsequent freezing temperatures in early 

April caused the young leaves and flowers of woody plants to suffer from serious frost 

damage. The immediate result was a die back of young growth. While many trees 

produced new growth, the canopy never reached the stage of development seen in other 

years (Figure 1-4) (Gu et al. 2008). 

In the Trelease Woods of Illinois, the damage from this extreme warming/cooling 

event varied among species, depending on the individual stage of development. Plants 

undergoing leaf elongation suffered much more than those that were just bursting their 

buds (Augspurger 2009). Because species develop at different rates, the date of leaf-out 

did not perfectly correlate with amount of damage suffered from frost. Species that burst 

their leaf buds early, but developed slowly were less vulnerable to the late frost than 

plants that had early budburst and relatively quick leaf development. Species with late 

budburst and quick development of leaves also suffered high damage (Augspurger 2009). 

Experimental work has shown that in boreal trees, the developmental response to 

air temperature during dormancy is a good predictor of the likelihood of frost damage; 

those species that are more responsive to temperature are also most likely to suffer frost 

damage (Hanninen 2006). Unfortunately, we are still unable to accurately predict 

whether frost damage will occur in most phenological models, but it is widely believed 
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that these late frost events causing heavy damage may become more common as climate 

warming continues (Linkosalo et al. 2000). 

Predicting the future of leaf-out phenology through models and experimental warming 

and changes in C02 concentrations 

Analysis of historical phenological records offers many insights, but these data 

alone cannot provide clarity into the future responses to climate change needed to 

understand the ecosystem dynamics related to the timing and length of the growing 

season (Ibanez et al. 2010, Lebourgeois et al. 2010). To predict how climate change will 

affect woody plants in coming decades, ecologists, land managers, and horticulturalists 

rely on results from modeling studies, experimental data, or a combination of the two 

(Chuine 2000, Morin et al. 2010). Results from warming experiments can be studied on 

their own, can be used to validate model predictions, and can also serve as crucial 

information in constructing models (Hanninen et al. 2007). Despite the advances in 

modeling, the increasing abundance of historical data and the numerous warming 

experiments being developed, there are still large uncertainties associated with predicting 

changing leaf-out dates and resulting ecological consequences under future climate 

change (Kramer 1994, Chuine 2000). 

Modeling of phenology has been commonly practiced since the 1970s, with most 

studies focusing on temperate and boreal ecosystems. Models are created through the 

integration of information about individual species, communities, or ecosystems, and 

future climate scenarios. Models range from simple to extremely complex, but are 
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ultimately limited by the information available. As more data on phenological response 

to climate change emerge, and a better understanding of physiological mechanisms 

controlling leaf-out develops, more accurate representations of ecosystem dynamics will 

be possible (Clark et al. 2001, Lebourgeois et al. 201 0). The data on individual species 

come from analysis of historical records or experimental studies (Murray et al. 1989, 

Ibanez et al. 2010). Depending on the complexity ofthe model, different factors are 

included or omitted. For example, some models predicting budburst take into account 

only the warm forcing temperatures, others also account for the need for a chilling 

requirement to be met, and still others take into account the increased need for warm 

temperature with decreased exposure to chilling (Murray et al. 1989, Chuine 2000, Morin 

et al. 2009, Lebourgeois et al. 201 0). Model outputs can help predict how species and 

ecosystems will respond to future climates, and give insight into shifts in species 

abundance and distribution. Phenological models can be linked to general climate change 

models, making the models more dynamic and reducing some uncertainty in model 

outputs (Figure 1-5) (Rotzer et al. 2004, Rotzer et al. 201 0). 

The two most dramatic impacts of global change that already have affected, and 

will continue to influence, temperate plant communities are increasing temperatures and 

carbon dioxide concentrations, both of which have been the focus of experimental studies 

on leaf-out phenology. Experimental studies replicating future climate scenarios are an 

important tool for investigating the future of leaf-out phenology because they increase 

the information available for building models and making management decisions (Clark 

et al. 2001). Set ups vary among environmental manipulation studies. Some common 
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methods include the use of open- or closed-top field chambers where air temperature is 

manipulated (Norby et al. 2003, Kilpelainen et al. 2006, Walker et al. 2006), heating 

plots with radiant heaters, or taking advantage of a naturally occurring temperature 

gradient that exists along an altitudinal or latitudinal gradient (Vitasse et al. 201 0). Other 

studies have used electric-heating cables to warm canopy-level branches of mature trees 

(Nakamura et al. 2010). Another approach is to install heating cables in the ground to 

warm the soil and root system. Warming has been found to induce earlier leaf-out in 

many studies (Repo et al. 1996, Norby et al. 2003, Morin et al. 201 0). Other studies have 

enriched the air around plants with additional C02, but have found that the concentration 

of C02 does not have a consistent effect on leaf-out timing (Asshoff et al. 2006, 

Kilpelainen et al. 2006, Morin et al. 201 0). Although less research has been undertaken 

to examine the effects of precipitation on spring vegetative phenology in temperate 

ecosystems, published research suggests that the relationship is not very strong, unlike 

the relationship between vegetative phenology and precipitation in dryland habitats such 

as deserts and tropical deciduous forests (Ogle and Reynolds 2004, Sherry et al. 2007, 

Morin et al. 201 0). 

With the abundance of phenology modeling and experimental warming studies in 

the literature, there are also myriad predictions for the future timing of leaf-out. Results 

from most studies suggest that the advance in leaf-out for most species, in most locations, 

will likely continue in coming decades as average temperatures continue to rise (Morin et 

al. 2009, Lebourgeois et al. 2010, Morin et al. 2010). For a given climate scenario the 

magnitude of these advances depend on several factors including the location of a 
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population within the species range, the phenotypic plasticity of a species, and the 

specific physiological factors that control leaf-out (Rotzer et al. 2004, Vitasse et al. 

201 0). Many temperate tree species will show particularly large advances in leaf-out at 

higher latitudes (Morin et al. 2009). Increases in temperature to the point where some 

species are not able to fulfill their chilling requirement changes the rate of bud burst 

advancement for populations of certain species, particularly those populations at the 

southern end of species' ranges (Morin et al. 2009, Schwartz and Hanes 2010a). 

Examples of species for which chilling requirements may be unmet by the end of the 

century include black ash (Fraxinus nigra) and sugar maple in the southern United States 

(Morin et al. 2009) and European beech (Fagus sylvatica) in Europe (Kramer et al. 2010, 

Vitasse et al. 201 0). In fact, in some high latitudes locations, warmer winters have 

already led to a delay in spring as a result of chilling requirements not being fulfilled (Yu 

et al. 2010). 

Changes in abundance and distribution 

How will the distribution and abundance of species be affected by changes in the 

timing of leaf-out? If species with minimal photoperiod and chilling requirements 

continue to leaf earlier in the spring, they may increase their abundance and distribution 

to become the dominant species, and shift the leafing out time of the whole forest. On the 

other hand, the unmet chilling and photoperiod requirements of other species may 

significantly slow the advance of leaf-out at the whole forest level (Morin et al. 2009). 




































































































































































































































































