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There is ample evidence that climate change has notable effects on the phenology of 

vegetation, effects that are variable at different elevations and across species. Two 

years of climate and phenology records were collected and analyzed to establish 

baseline phenology trends and temperature thresholds for four northern hardwood tree 

species. Seventeen deciduous trees were observed along an elevation transect spanning 

~4 km on 1,220 m Mount Tecumseh in New Hampshire. Spring and autumn 

phenology observations (e.g. budburst, first leaf color) were conducted weekly to 

twice weekly throughout the growing (budburst through leaf elongation) and 

senescence (first leaf color and drop through last leaf color and drop) seasons. 

Microclimate measurements were obtained via dataloggers measuring ambient air 

temperature placed at regular intervals along the elevation transect. Phenology and 

microclimate data were analyzed in combination with a larger meteorological dataset 

obtained from the Lorenz Weather Station atop the summit ridge of Mount Tecumseh. 

Spring comes later and autumn sooner at higher elevations on Mount Tecumseh. This 

trend in phenology is in accord with the noted delay in spring and the advance in 

autumn calculated along the elevation gradient (1.03 days for every 30 m increase in 

elevation in spring and 1.46 days in autumn.) Mid-elevation trees did not always 



 

 

follow this trend. Threshold temperatures for specific phenological stages were not 

established as the spring phenophases and the autumn leaf fall phenophases showed 

wide variation in accumulated degree-days from one year to the next. Only leaf color 

in autumn indicated a possible threshold in accumulated chilling degree-days for 

triggering that particular phenology. A comparison among the Mount Tecumseh study 

and two other regional studies of northern hardwood trees and their phenology was 

conducted. Results on Mount Tecumseh confirmed the order of progression of spring 

and autumn phenology for several northern hardwood tree species as evidenced at 

Hubbard Brook Experimental Forest in Thornton, NH. There is a marked advance in 

spring phenology and a delay in autumn, evidenced by comparison between Mount 

Tecumseh and Mount Mansfield in Underhill, VT. Overall, phenology progression 

patterns among species between the two most recent studies were similar. Continued 

efforts are necessary to ensure the ongoing support of phenology monitoring sites. 

Long-term data records will be necessary to clarify seasonal trends in phenology and 

assess the ongoing and future impacts of climate change on the northeastern forest. 
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Introduction 

Biodiversity in plant communities, maintained via the variations among species in 

their phenology, is an important means for upholding species coexistence since it 

reduces competition for pollinators and other resources. Phenology is a dominant facet 

of plant ecology that is important since the timing of the shift from vegetative to 

reproductive phases that occur in concert with flowering is crucial to optimal seed set 

for both individuals and populations. Additionally, the timing of growth onset and 

senescence determine the growing season length, driving annual carbon uptake in 

terrestrial ecosystems and determining food availability for wildlife. 

Global climate change can significantly alter phenology because temperature 

influences the timing of development, alone and in combination with other natural 

signals, such as photoperiod. By monitoring changes in phenological events such as 

budburst, flowering, and senescence scientists can detect climate change. Evidence of 

a shift in the timing of vegetative phenophases already exists in the form of earlier 

green-up (budburst) and later frost dates (USA-NPN, 2009). Based on existing 

vegetation phenology research in the northeast, species indicative of a northern 

hardwood forest are experiencing an earlier green-up and later autumn (a delay in leaf 

coloration and leaf fall) (Richardson, et al., 2006).  

Much of what we currently know about the effect of climate on phenology, such as 

earlier spring green-up, comes from remote sensing research, regarded as key to 

understanding large-scale changes in vegetation phenology. Ground phenology data, 

limited geographically and generally species specific, does not extrapolate to remotely 
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sensed data. However, scientists agree that a combination of research methods is 

necessary to capture adequately the variations in vegetation response to climate 

change, including though not limited to, remote sensing technologies and ground 

observation networks (Reed et al., 2009). 

On Mount Tecumseh, in Waterville Valley, NH, we collected two autumn seasons and 

two spring seasons of vegetation phenology data for seventeen deciduous trees using 

ground observation protocols. Additionally, air temperature data was recorded 

throughout the study period. The study site was located along an elevation gradient 

spanning 612 m. The Mount Tecumseh Research Transect is a long-term initiative 

established to evaluate climate change impacts on the phenology of plants. Efforts will 

focus on determining if there are variations in the response of northern hardwood and 

spruce/fir species in their phenology as well as impacts on their altitudinal range 

relative to climate change. These data will eventually form the basis for identifying 

current and future impacts on regional forest ecosystems, identifying short and long-

term trends, creating a reliable source of local and regional climate data, and 

contributing to large-scale climate monitoring and phenological modeling efforts. The 

initial focus of this monitoring effort and the foundation of this thesis were: 

1. To gather baseline data on the timing of basic phenological stages of selected 

trees along an elevation gradient; and, 

2. To correlate the relationship between the vegetation data and air temperature to 

determine the growth and senescence threshold temperatures responsible for 

triggering the phenologic stages for four northern hardwood forest species. 
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The purpose of this thesis was to examine vegetation phenology of four northern 

hardwood tree species, to look at variations in their spring and fall phenology along an 

elevation gradient between individuals of the same species, and to assess variations in 

phenology among species. Spring and autumn phenology was examined in relation to 

a thermal time equivalent of temperature (i.e., accumulated degree-days), as well as 

day-of-year. The timing of phenological events was analyzed in the context of other 

phenology studies. The main questions of this research were: 

1. Is there evidence of variation in the phenology of four northern hardwood tree 

species relative to either accumulated degree-days or day-of-year? 

2. Is there evidence of trends in the variation of the phenology of four northern 

hardwood tree species relative to their location along an elevation gradient?  

3. Is the phenology of the four northern hardwood tree species representative of 

regional phenological trends? 

The first question was answered by comparing specific phenological events of selected 

trees with the day-of year (DOY) a phenological event occurred. The same trees and 

their phenological events were also examined relative to the amount of degree-days 

that were accumulated at the point in time the event occurred.  Accumulated degree 

days (ADD) were calculated from temperatures recorded by data loggers situated 

along the elevation gradient and a nearby summit weather station. The second question 

was answered by examining the timing of the phenological events relative to the 

location of each tree along the elevation gradient. The third question was answered by 

comparing our findings with the findings of other studies examining the phenology of 

northern hardwood tree species in the northeast. 
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Literature Review 

Climate Change and the �ortheastern Forest 

The most recent Intergovernmental Panel on Climate Change (IPCC) assessment 

report predicts that the average surface temperature of the earth is likely to increase by 

1.1 - 6.4°C by the end of the 21st century. Response by plants to climate change has 

been indicated by an earlier onset of spring (i.e., the earlier expansion of leaves or 

flowering), resulting in a lengthening growing season (IPCC, 2007). Observed 

changes in phenology will likely lead to species range shifts and alter forest 

composition. Melillo (1999) estimated that the composition of one-third of the planet’s 

forests could be altered markedly due to climate changes; the ideal range of some 

North American forest species could shift as much as 300 miles to the north. 

New Hampshire is 84 percent forested; forests have significant ecological, economic, 

and social importance in the region (Northeastern Research Station, 2002). New 

Hampshire’s present climate is characterized by brief, cool summers and extended, 

cold winters. The low-pressure systems that develop throughout the continental U.S. 

and Canada typically follow a path that extends across this region. This weather 

pattern combines with the mountainous topography of New Hampshire to create a 

cold, wet climate with significant variation along its altitudinal gradients; a gain of 

304.9 m in elevation can mean a 20.3 cm average increase in annual precipitation, and 

an average 1.7° C decrease in temperature (Marchand, 1987). 

The zonation of vegetation in New Hampshire follows the steep environmental 

gradients that span the state with mixed hardwood forests in the valleys and plains of 
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the region to subalpine fir forests along the mid-elevation slopes of its mountains to 

alpine tundra atop its highest peaks. Studies of species range shifts indicate that 

migration will be a likely response of species to current and future climate change 

(Beckage et al., 2008; Cwynar and Spear, 2001). Shifts in zonation are also likely to 

occur as species distributions, population sizes, and community composition are 

altered (Parmesan et al., 2000; Walther et al., 2002; Sparks and Menzel, 2002). 

According to the Northeast Climate Impacts Assessment (2007), the Northeast’s 

average annual temperature has increased by about 1°C (1.8°F) since 1899 with the 

1990s recorded as the warmest decade on record (Fig. 1). Precipitation in the 

Northeast has increased by an average of 8.4 cm or 8 percent over the past century. 

Additionally, both snowfall and snow cover have declined in the past thirty years with 

northern New England experiencing a decrease of 60 or more inches in annual 

snowfall and a 10 percent decrease in snowpack across the Northern Hemisphere. 

Future predictions of climate change in the northeast show an increase in average 

temperature of at least 1.7°C in winter and 2.2°C in summer by late-century, resulting 

in a northern migration of climate regimes (NERA, 2001; NECIA, 2007), including 

changing precipitation patterns in both summer and winter (Hayhoe, 2007). A shift in 

climate of this extent will affect Northeastern forests. 
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Figure 1 Average annual temperature for the Northeast from 1899 through 2000. 
Areally weighted average of temperature from 56 stations; data from NOAA-NCDC 
(ftp://ftp.ncdc.noaa.gov/pub/data/ushcn) (Wake, 2005). 
 

Phenology: a Science for Monitoring Climate Change 

Phenology is the study of recurring or seasonal biological events occurring in nature 

and driven by environmental factors. Phenological events include the flowering and 

senescence of trees, the migration of birds, and the emergence of insects. Changes in 

phenological events are among the most sensitive biological responses to climate 

change and among the simplest to observe (IPCC 2007; Sparks and Menzel, 2002; 

Menzel, 2003). Several studies have demonstrated that climate change effects on the 

timing of phenophases in living organisms has already occurred on a global scale 

(Menzel et al., 2006; Parmesan, 2006; Cleland et al., 2007; Badeck et al., 2004; Zhou, 

2001). Studies looking at trends in phenology in plants and animals indicated 

advancement in spring; Root et al. (2003), conducted meta-analyses of 61 studies and 

694 species, and determined there was a mean advancement in spring phenology of 
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5.1 days over the past 50 years. Similarly, Parmersan and Yohe (2003) conducted a 

meta-analysis of 172 species and determined a 2.3 day per decade advancement in 

spring phenology from 17 years of data (Badeck et al., 2004). 

Evidence suggests that spring has advanced in the northeast as well. Richardson et al. 

examined 14 years of tree phenology data at Hubbard Brook Experimental Forest and 

predicted that spring had advanced 1-2 days per decade over the last 50 years (2006). 

Fitzjarrald et al. indicated a tendency toward spring arriving 4–6 days earlier in 

eastern North America since the mid-1960s in their study of leaf phenology relative to 

temperature and humidity measures (2001). Horticultural and agricultural phenology 

studies have suggested an increase of 2-8 days over the last several decades in the 

northeast (Schwartz & Reiter, 2000; Wolfe et al., 2005).  

Plant Phenology Research Methods and Trends 

Plant phenology researchers need long-term observation datasets to analyze significant 

changes over time and to link such changes to climate change (IPCC, 2007; Schwartz, 

1999). Several research techniques exist today, resulting in observations at different 

scales. However, the study of phenology is mainly guided by two independent 

methods: 1) remote sensing phenology for temporal and spatial pattern observations at 

regional and global scales (Fischer et al., 2006; Cleland et al., 2007), and 2) ground 

phenology for species level and individual phenophase observations (e.g. budburst, 

first flower). 

Remote sensing observations have become increasingly relevant in phenological 

research because they are essential to understanding large-scale seasonal phenomena 
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(Reed et al., 2003; Cleland et al., 2007). Remote sensing collects data on the spectral 

reflectance of vegetation. Surface reflectance in the visible and near-infrared portions 

of the electromagnetic spectrum is sensitive to plant development; such large-scale 

reflectance lends itself well to satellite technologies, which allows for repeat 

observations and comprehensive ground coverage (Reed et al., 2003; Cleland et al., 

2007; Fischer et al., 2005). A variety of vegetation indices exist to interpret the 

spectral observations derived from remote sensing. Indices such as Normalized 

Difference Vegetation Index and Enhanced Vegetation Index provide a measure of 

“greenness”, used as a proxy for plant production while Moderate Resolution Imaging 

Spectroradiometer sensors provide a measure of leaf area index improving 

researchers’ ability to distinguish vegetation from bare soil (Cleland et al., 2007). 

Remotely sensed observations provide a consistent interpretation of the start, peak, 

duration, and end of a growing season over a large area (Reed et al., 2003) but remote 

sensing is not without its problems. First, remote sensing is not readily applicable in 

regions with no clear growing season, such as shrubland, in evergreen forests, or in 

regions with multiple growing seasons. Second, since remote sensing in phenological 

research began, it has struggled to diminish the interference of “noise” in the data; 

atmospheric variables, such as cloud cover and sun angle, compromise satellite-

derived signals. This interference requires that remotely sensed data be derived at 

coarse temporal and spatial scales to minimize the uncertainty and bias perceived in 

the resulting phenology (Zhang et al., 2009). One of the likeliest methods for 

validating remotely sensed data, ground phenology, is conducted at a much finer scale 



9 

 

and the few attempts to correlate the two methods have yielded poor results (Cleland 

et al., 2007). 

Traditional plant phenology, or ground phenology, provides precise observations on 

individual plant species, but with limited spatial scale (Cleland et al., 2007; Studer et 

al. 2007, Fischer et al., 2005). Specifically, ground observations describe the onset 

and duration of phenophases at the level of the individual plant. Though these 

observations may be extrapolated to the level of different species assuming biological 

variables and other confounding influences are accounted for, ground observations do 

not provide a spatially integrated phenological response pattern typical of a mixed 

forest landscape (Badeck et al., 2004). Such an integrated response pattern can be 

derived by remote sensing phenology, which offers complete spatial coverage and a 

general measure of the phenologic signal from the forest canopy (Badeck et al., 2004; 

Studer et al., 2007). Endeavors to bridge the gap between the two methods proceed 

with the expansion of ground phenology networks to increase regional coverage and 

efforts to develop protocols specifically to validate remotely sensed observations. 

There is merit to the limited spatial scale of ground phenology. Species within 

communities are noticeably varied in their phenology; since ground phenology is 

species-specific, it is a valuable method for observing individual species response to 

climate change (Cleland et al., 2007). Additionally, in landscapes such as the eastern 

deciduous forest, plant phenology is affected by topography and microclimatology. 

Typically, adiabatic cooling leads to later leaf onset as elevation increases (Richardson 

et al., 2006). In contrast, Fisher et al. demonstrated that for every 4.16 m loss in 

elevation, leaf onset in a deciduous forest was delayed by one day (2006). The 
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formation of cold air drainage pockets in the lower elevations reduced temperatures 

and the cumulative growing degree-days within these microclimates, delaying the 

onset of spring. This cold air drainage effect is most often seen in spring, a particularly 

important time for phenological development in plants (Fisher et al., 2006). The small 

spatial scale of these microclimates emphasize the importance of on-the ground 

observations, which can capture phenological variations on a finer scale than 

remotely-sensed observations (Fisher et al., 2006; Cleland et al., 2007). 

Temperature 

Multiple factors influence plant phenology though temperature (followed by 

photoperiod) appears to have the most influence on the timing of phenophases in 

plants (Lechowicz, 1984). In assessing plant phenology, a thermal time approach is 

often used. This approach assumes that certain phenological events, such as budburst, 

occur when a certain amount of thermal time or accumulated degrees has been 

achieved (Richardson et al., 2006). Phenological models that simulate the start of the 

growing season are generally based on the response of bud growth to forcing 

temperatures; the simplest model, a spring warming model, assumes that accumulated 

forcing temperatures from a given start date trigger budburst (Hunter and Lechowicz, 

1992). Likewise, a simple autumn phenology model is based on the response of leaf 

senescence to accumulated chilling. Richardson et al. (2006) found that a simple 

model was adequate to describe spring development and autumn senescence in three 

northern hardwood species (sugar maple, American beech, and yellow birch). Their 

simple model did not provide for the chilling some plants require to break dormancy 
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in spring (Richardson et al., 2006); however, complex models that use a combination 

of warming and chilling temperatures have not consistently demonstrated better 

predictive results (Chuine et al., 1998; Richardson, et al., 2006).  

Materials and Methods 

Study Area 

Mount Tecumseh is located in central New Hampshire at 43° 58' N latitude and 71° 

33' W longitude and rises 1,220 m in elevation. It is within the southern extent of the 

White Mountain National Forest (WMNF), which in total contains approximately 

800,000 acres. Mount Tecumseh is also located within the southwestern corner of the 

WMNF in the town of Waterville Valley. The study area follows the Mount Tecumseh 

trail, a 4.02-kilometer hiking trail that begins at the mountain’s base at the Waterville 

Valley Ski Area. The study transect continues along this trail for 3.54 km before it 

turns south for .4 km and ends on the Sosman trail, a ridge trail ~61 m below the 

summit of Mount Tecumseh.  

Study Design 

This study was designed to monitor vegetation phenophases of select trees along an 

elevation gradient in combination with the collection of air temperature. The research 

transect was delineated along the Mount Tecumseh trail, which begins at 597 m and 

ends at 1,220 m. The Mount Tecumseh trail is within close proximity of the northern 

boundary of the Waterville Valley Ski Area for most of its length. Starting from the 

base, the trail closely follows the south side of Tecumseh Brook for its first 0.5 km 

before crossing the brook to its north side, and climbs a small ridge, leaving the brook. 
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The trail continues with a mostly moderate grade for another 1.3 km through a 

northern hardwood deciduous forest before it drops steeply and re-crosses the 

Tecumseh Brook. For the last 1.8 km, until its junction with the Sosman trail, the 

Mount Tecumseh trail continues at a mostly steep grade along a rocky foot bed, 

through a red spruce/balsam fir forest. The last 0.4 km of the research transect is along 

the Sosman trail, which traverses the southerly ridge of Mount Tecumseh through a 

red spruce/balsam fir forest. The research transect ends on top of a semi-open knob 

along the Sosman trail with both westerly and northeasterly views and exposure. 

Tree Selection 

Seventeen deciduous trees were tagged along the altitudinal transect; trailside trees 

were selected to minimize impact on the surrounding vegetation resulting from 

multiple site visits. Each tree was tagged with a numbered, 2.5 cm, circular, aluminum 

tag, nailed to the tree at breast height using small 3.8 cm nails to ensure the tag did not 

extend beyond the epidermis. Trees were selected in July of 2008; of the original 17 

trees, 14 were within the hardwood zone, beginning at ~590 m and ending at ~750 m. 

Of the 14 trees within the hardwood zone, five were yellow birch (Betula 

alleghaniensis), four were American beech (Fagus grandifolia), two were sugar maple 

(Acer saccharum), two were red maple (Acer rubrum) and one was paper birch 

(Betula papyrifera). The additional three trees were in the spruce/fir zone, beginning 

at ~840m and ending at ~1,166 m, and were mountain paper birch (Betula cordifolia).  

Selected trees were either dominant or co-dominant to neighboring trees and provided 

a 50-100 percent unobstructed canopy view from trailside. Upper canopy trees were 
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preferred considering the long-term objective of building a ground phenology dataset 

that would be useful in validating remotely sensed phenology. Chosen trees were 

within their expected altitudinal range and included based on species type (species that 

were indicative of the northern hardwood or spruce-fir forest community). An attempt 

was made to include a sufficient number of trees per species to provide a 

representative sample across the elevation gradient within each species’ altitudinal 

range. This attempt was limited by the number of possible individuals available for 

observation within each species that met the original selection criteria. For example, 

five yellow birch were selected along the elevation gradient while only two sugar 

maple were chosen (Table 1). As the study progressed, additional trees were located to 

expand the elevation gradient for sugar maple and American beech; trees added later 

in the study were not included in the analyses presented here. 

Over the course of the observation period for this study, August 22, 2008, through 

June 4, 2010, several trees were replaced along the altitudinal transect. Replaced trees 

were either damaged over the course of a winter or determined to be unhealthy and not 

suitable for continued observation. Replacement trees were of the same species of the 

original tree and located in close proximity at approximately the same elevation. One 

red maple, significantly damaged over the course of the winter of 2008-09, was not 

replaced since there was no suitable replacement in close proximity. Consequently, the 

red maple phenology data was not included in this study since its primary objective 

was to observe tree phenology along an elevation gradient and only one red maple was 
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monitored throughout the entire observation period. Observations of replacement trees 

were treated as continuous observations of the original tree. 

Table 1 Tree Species Observed in this Study 

Common �ame Scientific �ame �umber  

 

����������(cm) 

 

��������� Elevations(m) 

American Beech Fagus grandifolia 4 34 93 597, 604, 631, 
742 

Yellow Birch Betula 

alleghanienis 

5 54 98 
 

597, 603, 620, 
630, 739 

Sugar Maple Acer saccharum 2 45 76 
 

660, 700 

Red Maple Acer rubrum 2 42 UN 661*,773 

Paper Birch Betula papyrifera 
(and var. 
cordifolia) 

4 23 80 735, 768, 814, 
957 

*The red maple at this elevation suffered extensive damage during the winter of 2008-
09 and was removed from the study. 
  

Vegetation Data Collection  

Phenophases 

Phenophase observations were conducted using intensive protocols developed by the 

USA National Phenology Network (USA-NPN). Phenophase observations began in 

the fall of 2008; accordingly, the USA-NPN 2008 protocols were used (The USA-

NPN has since altered their protocols; the new protocols were designed to readily 

integrate with data collected using the original protocols.). 

 Phenophase observations of deciduous trees began in early spring with bud 

development and continued through spring leaf development; observations resumed in 

late summer before leaf color change and leaf fall began (see Appendix A for an 

example of phenophase descriptions). Spring phenophases for all the deciduous trees 
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included emergence and leaf elongation in twenty-five percent gradations (e.g. 25% 

leaf elongation) until full leaf elongation (100%) was observed. Autumn phenophase 

observations for each deciduous tree included leaf color change and leaf fall in 25 

percent gradations (e.g. 25% leaf color change, 50% leaf fall), until full color change 

or leaf fall occurred. 

Frequency 

Spring observations began in late March and continued through early to mid June. 

Initial visits to observe the rate of bud development occurred at least once per week. 

When bud swelling became evident, field visits increased to twice per week and were 

never less than that until leaf elongation was completed unless weather conditions 

limited the number of sites visits in a particular week. Autumn observations began in 

late August and continued through late October. Autumn visits occurred twice per 

week throughout the observation period.  

Observation Methods 

Spring phenophase observations up to initial leaf emergence required the use of a 

spotting scope; observers used a Celestron Ultima 45°-angle spotting scope with a 20-

60x magnification (Torrance, CA). Leaf elongation observations in the spring as well 

as leaf color change and leaf fall in the autumn were made without visual aid. A 

phenophase guide was created to increase the accuracy of long-term observations; 

included was a written description of each phenophase along with a photographic 

reference (Appendix B). 

Recording Observations 
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Phenophase observations were recorded using an alpha system. A pre-selected letter 

represented each potential observation, which was then noted on a data collection 

sheet (Appendix C). When a phenophase was reached for a particular tree (e.g. 50% 

leaf color change), the observer recorded an “R” in the appropriate phenophase 

column on the data collection sheet. Until a phenophase was reached, the observer 

recorded an “N” indicating the stage had not been attained on the date of that visit. A 

“P” indicated a stage was reached on a prior visit and an “M” indicated that a 

phenophase was missed. Field observations were then transferred to Microsoft Excel. 

Temperature Data Collection 

In addition to vegetation phenology data, temperature data were collected both along 

the elevation gradient by semi-permanent data loggers and at ~1,148 m via a 

permanently situated weather station. Five HOBO U12 Thermocouple Temperature 

data loggers (Onset Computer Corporation, Pocasset, MA) were semi-permanently 

placed at 611, 701, 751, 980, and 1,166 m. One logger was located within the 

transition zone from northern hardwood to spruce/fir forest, which began at ~750 m. 

Each data logger was programmed to record ambient air temperature in fifteen-minute 

intervals. Due to the amount of snowpack that accumulates over the course of the 

winter in the WMNF and the below freezing temperatures that often occur, the data 

loggers were removed from the field at the end of the fall observation season. 

Unfortunately, also due to the excessive snowpack and the cold ambient air 

temperatures, which can impair battery operations, the data loggers were not placed 

back in the field in the spring until after field observations had already begun. 
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Placement of the data loggers occurred over the course of several weeks as snowpack 

diminished sufficiently at each site to allow for it, typically from early to mid-April. 

However, the Lorenz Weather Station permanently situated at 1,148 m during the 

course of our study, recorded air temperature at 15-minute intervals, beginning on 

November 18, 2008. 

Data Analysis 

Phenophase Events Compared 

For each tree, the initial phenophase (e.g. budburst, first leaf color) and the complete 

phenophase (e.g. 100% elongation, 100% leaf color) was compared to the mean DOY 

and the mean ADD that the phenophase occurred. The mean was the average value for 

the two seasons, 2008 and 2009 in autumn, and 2009 and 2010 in spring. In the 

instances that a phenophase observation was missed in one year, the mean was not 

calculated and the value for the observed year was used. The comparison between 

phenophase and mean DOY and mean ADD was made for each individual tree to 

determine variations within each species relative to the elevation of the individuals. 

For each species, the initial and complete phenophase was compared to the mean 

DOY and the mean ADD. The mean was the average value for the trees at all 

elevations for each species for both observation years. For example, the mean DOY 

for budburst for American beech was the average of all DOY occurrence values for 

that phenophase for each tree in both 2009 and 2010. The comparison between 

phenophase and mean DOY and mean ADD was made for each species to determine 

variations among species in their phenology. 
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Additionally, for each species the number of days it took to progress from the initial 

phenophase to the complete phenophase was compared. The comparison was made 

between the individuals within each species to determine variations relative to the 

elevation of the individuals. The average rate of progression for all individuals within 

a species was also compared to determine variations across species in their rate of 

progression in each phenology. 

Environmental Lapse Rate and Predicted Temperatures 

All data analysis was performed using R statistical software (version 2.10.1, The R 

Foundation for Statistical Computing, 2009); the R code for relevant functions is in 

Appendix E. Since temperature data was not collected at each tree location, an 

environmental lapse rate (ELR) was calculated in order to extrapolate the temperature 

for each tree along the elevation gradient. The environmental lapse rate was calculated 

using Sen’s slope estimator; the Sen slope is the median of the slopes calculated from 

all pairs of values in a data series (de Wit et al., 2008). This method is nonparametric 

and little affected by missing data and outliers (Salmi et al., 2002); the temperature 

record on Mount Tecumseh had missing values since the loggers were removed from 

the field at the end of autumn observations. Outliers were also evident in the 

temperature dataset. The weather station operated continuously once placed in service. 

The combined weather station and data logger records created a dataset with over 

230,000 usable temperature observations. The dataset consisted of six columns of 

temperature records taken at 15-minute intervals, one column for each logger and the 

weather station. Forty-seven percent of the dataset included temperatures recorded at 
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approximately the same time (four minutes or less apart) at a minimum of four 

locations, at either a logger site or the weather station. Of the remaining 53 percent of 

the dataset, 40 percent included corresponding temperatures recorded at a minimum of 

five locations and 60 percent included corresponding temperatures recorded at a 

minimum of six locations. Using the Sen’s slope estimator, the slope between each 

pair of temperature records in each row (see Table 2) was calculated and the median of 

those slopes became the slope estimate for that row. The median of the slope estimates 

for all rows was the environmental lapse rate used to extrapolate the temperature to 

each tree location along the elevation transect.  

In order to predict temperature at a given location, the ELR was multiplied by the 

difference in elevation of the given location and a reference location. The resulting 

value was added to the known temperature for the reference location. This calculation 

was made for each date and time we had a temperature record, resulting in a dataset 

containing predicted temperatures at fifteen-minute intervals for each tree location 

throughout the observation period. For most of the experiment, the near-summit 

weather station at 1148 m was the reference location; for predicted temperatures 

calculated prior to November 18, 2008, the data logger at 1166 m was the reference 

location. The elevation difference between the weather station and the lowest tree 

location was 551 m and data logger five and the lowest tree location was 569 m. 

The same process was repeated for each data logger location, to both fill in the gaps in 

the record created when data loggers were removed from the field and to validate the 

method used to predict the temperatures for each tree location. 
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Table 2 Selection of temperature records (°C) from each data logger and the Lorenz 
Weather Station (data logger recordings were aligned to the nearest recorded weather 
station time for ease of comparison). 

 

 

 

 

 

 

 

 
 

 Accumulated Degree-Days 

Predicted temperatures were used to calculate ADD. The mathematical equation for 

calculating ADD (Eqn. 1) states that the ADD at a given point in time are calculated 

above a base temperature, k, from an initial day-of-year (DOY1) to an ending day-of-

year (DOY2). Each degree-day is equivalent to the number of degrees the mean daily 

temperature (T) is over (or under for chilling) the stated base temperature on DOY i 

(Richardson et al., 2006). 

 

        DOY2 
DDk,DOY1

,DOY2 =    ∑         (�� i - k) for �� i > k  
(1) 

     i = DOY1 0 for �� i ≤ k 
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Richardson, et al. successfully used 4°C for heating degree-day sums in spring starting 

on January 1 and 20°C for chilling degree-day sums in autumn starting on August 15 

(2006). Hence, for this study accumulated heating degree-days (HDD) and chilling 

degree-days (CDD) were calculated using the same parameters. In each season, 

degree-days were accumulated to each phenological event (e.g. budburst in spring, 

first leaf fall in autumn). Both DOY and ADD were treated as determinants of 

phenology. 

Results 

Environmental Lapse Rate 

The calculated ELR was 1.7°C for the span of the elevation gradient (537 m), or 

.32°C/100m. Prior studies have determined environmental lapse rates for this region 

with some variation; a more recent study suggested a suitable ELR of .57°C/100m 

(Richardson, 2004). The ELR was used to predict temperatures at each tree elevation 

and at each data logger elevation. Using Pearson’s, the predicted data logger 

temperatures were correlated with actual temperatures to determine the fit of the 

predictions; correlations for each logger were positive (see Fig. 2). 
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Figure 2 Pearson’s correlation of predicted temperatures and actual temperatures for 
each data logger; r values: logger 1) .83; logger 2) .75; logger 3) .83; logger 4) .89; 

and logger 5) .73. 

 

General Species Patterns 

American Beech 

American beech budburst mean DOY was 114 for the lowest elevation tree (597 m) 

followed by the two mid elevation trees (604 and 631 m) on mean DOY 119 and the 

highest elevation tree (742 m) on mean DOY 125 (Fig. 3); budburst for all American 

beech occurred within an eleven-day period (Table 3). Progressive leaf elongation 

from budburst to 100% took 32 days for the upper mid elevation tree (631 m) (Fig. 4), 

occurring on mean DOY 151. Full leaf elongation progressed over 36 days for the 
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lower mid elevation tree (604 m) and the highest elevation tree (742 m), occurring on 

mean DOY 155 and 161, respectively. The low elevation tree (597 m) achieved 100% 

leaf elongation in 37 days on mean DOY 151. Full leaf elongation for all American 

beech occurred within a ten-day period. 

  

 

 

 

 

 

 

American beech budburst mean HDD was 181 for the lowest elevation tree (597 m), 

followed by the two mid elevation trees (604 and 631 m) at mean HDD 219 and the 

highest elevation tree (742 m) at mean HDD 307. The lowest (597 m) and upper mid 

elevation trees (631 m) reached 100% leaf elongation at mean HDD 657 followed by 

the lower mid elevation tree (604 m) at mean HDD 743, and the highest elevation tree 

(742 m) at mean HDD 838 (Table 3). 

 

Figure 3 American beech leaf elongation; DOY mean represents observation values 
for two seasons, spring 2009 and 2010. 
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American beech first leaf color mean DOY was 252 for the upper mid elevation tree 

(631 m), followed by the highest elevation tree (742 m) on mean DOY 254, the lower 

mid elevation tree (604 m) on mean DOY 262, and the lowest elevation tree (597 m) 

on mean DOY 265. First leaf color for all American beech occurred within a thirteen-

day period (Table 4). Progressive leaf color change from first to 100% took 26 days 

for the lowest elevation tree (597 m), occurring on mean DOY 291. The lower mid 

elevation tree (604 m) took 32 days to reach 100% leaf color, occurring on mean DOY 

293. The upper elevation trees experienced slower leaf color progression; the upper 

mid elevation tree (631 m) took 37 days (ending on mean DOY 289), followed by the 

Table 3 Budburst (Initial) and leaf elongation values for observed trees in 

heating degree-days (HDD) and day of the year (DOY). Values represent the 

mean for both observation years (2009 and 2010 for spring) except for values in 

bold, which represent one year due to missed observations. M signifies missed 

observations for that phenophase for that tree in each observation year. 
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highest elevation tree (742 m), which took 39 days, occurring on mean DOY 293. Full 

leaf color for all American beech occurred within a five-day period. 

 

 

Figure 4 Mean number of days for phenophase progression for American beech for 
both observation seasons from initial phenophase occurrence (e.g. budburst, first leaf 
color) to full phenophase (e.g. 100% leaf elongation (LE), 100% leaf color (LC)); one 
hundred percent leaf fall (LF) for American beech occurred for some monitored trees 
after field observations ended each year. 

 

American beech first leaf color mean CDD was 159 for the upper mid elevation tree 

(631 m) followed by the highest elevation tree (742 m) at mean CDD 169, the lower 

mid elevation tree (604 m) at mean CDD 290, and the lowest elevation tree (597 m) at 

mean CDD 310 (Table 4). The upper mid elevation tree (631 m) reached 100% leaf 

color change at mean CDD 820 followed by the lowest elevation tree (597 m) at mean 

CDD 881, the highest elevation tree (742 m) at mean CDD 945, and the lowest mid 

elevation tree (604 m) at mean CDD 970. 
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American beech first leaf fall DOY was 243 (2009 value only) for the highest 

elevation tree (742 m) followed by the upper mid elevation tree (631 m) on mean 

DOY 263, the lowest elevation tree (597 m) on mean DOY 269, and the lower mid 

elevation tree (604 m) on mean DOY 278. First leaf fall for all American beech 

occurred within a thirty-five day period (Table 5). For American beech, 100% leaf fall 

was determined when 95-100% of the leaves were fallen or dried and remaining on the 

plant. This phenophase was not reached in 75% of the American beech monitored in 

2010 and 50% of the American beech monitored in 2009. One hundred percent leaf 

Table 4 First leaf color (Initial) and leaf color progression values for observed 

trees in chilling degree-days (CDD) and day of the year (DOY). Values represent 

the mean for both observation years (2008 and 2009 for autumn) except for 

values in bold, which represent one year due to missed observations. M signifies 

missed observations for that phenophase for that tree in each observation year.  
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fall for American beech occurred for most monitored trees after field observations 

ended each year so mean DOY and ADD values were not available.  

American beech first leaf fall CDD was 83 (2009 value only) for the highest elevation 

tree followed by the upper mid elevation tree (631 m) at mean CDD 293, and the two 

lower elevation trees (597 and 604 m) at mean CDD 374 (Table 5). The overall 

elevation differences among beeches were 7, 27, and 111 meters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Yellow Birch 

Yellow birch budburst mean DOY was 119 for the upper mid elevation tree (630 m) 

followed by the three lower elevation trees (597, 603, and 620 m) on mean DOY 120, 

Table 5 First leaf fall (Initial) and leaf fall progression values for observed 
trees in chilling degree-days (CDD) and day of the year (DOY). Values 
represent the mean for both observation years (2008 and 2009 for autumn) 
except for values in bold, which represent one year due to missed observations. 
M signifies missed observations for that phenophase for that tree in each 
observation year. 
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and the highest elevation tree (739 m) on mean DOY 124. Budburst for all yellow 

birch occurred within a five-day period (Table 3). Progressive leaf elongation from 

budburst to 100% took 31 days for the highest elevation tree (739 m), occurring on 

mean DOY 155 (Fig. 5). Full leaf elongation progressed over 32 days for the upper 

mid elevation tree (630 m) and the two lower elevation trees (597 and 603 m), 

occurring on mean DOY 151 (630 m) and mean DOY 152 (597 m and 603 m). The 

mid elevation tree (620 m) achieved 100% leaf elongation in 36 days occurring on 

DOY 156 (2009 value only). Full leaf elongation for all yellow birch occurred within a 

nine-day period. 

 

 

Figure 5 Mean number of days for phenophase progression for yellow birch for both 
observation seasons from initial phenophase occurrence (e.g. budburst, first leaf color, 
first leaf fall) to full phenophase (e.g. 100% leaf elongation (LE), 100% leaf color 
(LC), 100% leaf fall (LF)). 
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Yellow birch budburst mean HDD was 219 for the upper mid elevation tree (630 m), 

followed by the three lower elevation trees (597, 603, and 620 m) at mean HDD 226, 

and the highest elevation tree (739 m) at mean HDD 288. The mid elevation tree (620 

m) reached 100% leaf elongation first at mean HDD 572 (2009 value only), followed 

by the upper mid elevation tree (630 m) at mean HDD 657, the two lower elevation 

trees (597 and 603 m) at mean HDD 681, and the highest elevation tree (739 m) at 

mean HDD 742 (Table 3). 

Yellow birch first leaf color mean DOY was 245 for the highest elevation tree (739 m) 

followed by the mid elevation tree (620 m) on mean DOY 248. First leaf color 

occurred for the lower (603 m) and upper mid elevation trees (630 m) on mean DOY 

251 and mean DOY 252, respectively. The lowest elevation tree (597 m) reached first 

leaf color on mean DOY 253. First leaf color for all yellow birch occurred within an 

eight-day period (Table 4). Progressive leaf color change from first to 100% took 30 

days for the highest elevation tree, occurring on mean DOY 280. The mid elevation 

tree (620 m) took 32 day, also occurring on mean DOY 280, followed by the upper 

mid elevation tree (630 m), which took 35 days and occurred on mean DOY 281. The 

two lower elevation trees (603 and 597 m) took 34 days and occurred on mean DOY 

285 and mean DOY 287, respectively. Full leaf color for all yellow birch occurred 

within a seven-day period. 

Yellow birch first leaf color mean CDD was 96 for the highest elevation tree (739 m) 

followed by the mid elevation tree (620 m) at mean CDD 126, and the lower mid 

elevation tree (603 m) at mean CDD 149. The upper mid elevation tree (630 m) 
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reached first leaf color at mean CDD 166 and the lowest mid elevation tree (597 m) at 

mean CDD 169 (Table 4). The mid (620 m) and highest elevation tree (739 m) 

reached 100% leaf color change at mean CDD 586 followed by the upper mid 

elevation tree (630 m) at mean CDD 623, the lower mid elevation tree (603 m) at 

mean CDD 724, and the lowest elevation tree (597 m) at mean CDD 758 (Table 4). 

Yellow birch first leaf fall mean DOY was 255 for the highest elevation tree (739 m) 

followed by the lowest elevation tree (597 m) on mean DOY 258, the lower mid 

elevation tree (603 m) on mean DOY 262, and the two upper mid elevation trees (620 

m and 630 m) on mean DOY 263. First leaf fall for all yellow birch occurred within an 

eight-day period (Table 5). Progressive leaf color fall from first to 100% took 26 days 

for the mid elevation tree (620 m), occurring on mean DOY 289 followed by the upper 

mid elevation tree (630 m), which took 28 days and occurred on mean DOY 291. The 

lower mid elevation tree (603 m) took 33 days, occurring on mean DOY 295 followed 

by the highest elevation tree, which took 36 days (ending on mean DOY 291). The 

lowest elevation tree took 38 days to reach 100% leaf fall, occurring on mean DOY 

296. Full leaf fall for all yellow birch occurred within a seven-day period. 

Yellow birch first leaf fall mean CDD was 203 for the highest elevation tree (739 m) 

followed by the lowest elevation tree (597 m) at mean CDD 232, the lower mid 

elevation tree (603 m) at mean CDD 274, and the mid (620 m) and upper mid 

elevation tree (630 m) at mean CDD 293 (Fig. 6, Table 5). The mid elevation tree (620 

m) reached 100% leaf fall at mean CDD 808 followed by the two upper elevation trees 

(630 and 739 m) at mean CDD 869, the lower mid elevation tree (603 m) at mean 



31 

 

CDD 999, and the lowest elevation tree (597 m) at mean CDD 1029 (Table 5). The 

overall elevation differences among paper birch were 6, 17, 10, and 109 meters. 

 

 

 

 

 

 

 

 

 

 

 

Sugar Maple 

Sugar maple budburst mean DOY was 111 for the low elevation tree (660 m) and 

mean DOY 112 for the high elevation tree (700 m). Budburst for both sugar maples 

occurred within one day (Table 3). Progressive leaf elongation from budburst to 100% 

leaf elongation took 33 days for the low elevation tree, occurring on mean DOY 144 

(Fig. 7). Full elongation progressed over 38 days for the high elevation tree and 

occurred on mean DOY 150. Full leaf elongation for both sugar maples occurred 

within a six-day period. 

Figure 6 Yellow birch leaf fall progression. HDD mean represents observation 
values for two seasons, fall 2008 and 2009. 
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Sugar maple budburst mean HDD was 171 for the low elevation tree (660 m) followed 

by the high elevation tree at mean HDD 178 (700 m). The low elevation tree reached 

100% leaf elongation at mean HDD 434 followed by the high elevation tree at mean 

HDD 498 (Table 3). 

 

 

Figure 7 Mean number of days for phenophase progression for sugar maple for both 
observation seasons from initial phenophase occurrence (e.g. budburst, first leaf color, 
first leaf fall) to full phenophase (e.g. 100% leaf elongation (LE), 100% leaf color 
(LC), 100% leaf fall (LF)). 
 

Sugar maple first leaf color DOY was 243 (2009 value only) for the low elevation tree 

(660 m) and mean DOY 246 for the high elevation tree (700 m) (Fig. 8). First leaf 

color for both sugar maples occurred within a three-day period (Table 4). Progressive 

leaf color change from first to 100% took 31 days for the low elevation tree (660 m), 

occurring on DOY 274 (2009 value only) followed by the high elevation tree, which 
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took 45 days and occurred on mean DOY 291. Full leaf color for both sugar maples 

occurred within a fifteen-day period. 

 

 

 

 

 

 

 

Sugar maple first leaf color CDD was 83 (2009 value only) for the low elevation tree 

(660 m) followed by the high elevation tree at mean CDD 106 (Fig. 9, Table 4). The 

low elevation tree (660 m) reached 100% leaf color at mean CDD 492 followed by the 

high elevation tree (700 m) at mean CDD 881. 

Sugar maple first leaf fall mean DOY was 255 for the low elevation tree (660 m) and 

mean DOY 258 for the high elevation tree. First leaf fall for both sugar maples 

occurred within a fourteen-day period (Table 5). Progressive leaf fall from first to 

100% took 30 days for the low elevation tree (660 m) occurring on mean DOY 285 

followed by the high elevation tree (700 m), which took 39 days and occurred on 

Figure 8 Sugar maple leaf color progression. DOY mean represents observation 
values for two seasons, fall 2008 and 2009. 
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mean DOY 297. Full leaf fall for both sugar maples occurred within a twelve-day 

period. 

Sugar maple first leaf fall CDD was 203 for the low elevation tree (660 m) and mean 

CDD 234 for the high elevation tree (700 m). The low elevation (660 m) tree reached 

100% leaf fall at mean CDD 724 followed by the high elevation tree (700 m) at mean 

CDD 1035. The overall elevation difference between the sugar maples was 40 meters. 

  

 

 

 

 

 

 

Paper Birch 

Paper birch budburst mean DOY was 121 for the upper mid elevation tree (814 m) 

followed by the lowest elevation tree (735 m) on mean DOY 123, the lower mid 

elevation tree (768 m) on mean DOY 124, and the highest elevation tree (957 m) on 

Figure 9 Sugar maple leaf color progression. CDD mean represents observation 
values for two seasons, fall 2008 and 2009. The first leaf color value (0) for the low 
elevation tree was for 2009 only. 
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mean DOY 125. Budburst for all paper birch occurred within a four-day period (Table 

3). Progressive leaf elongation from budburst to 100% took 32 days for the lowest 

elevation tree (735 m) and 34 days for the upper mid elevation tree (814 m); both 

occurring on mean DOY 155. Full leaf elongation progressed over 37 days for the 

lower mid elevation tree (768 m) and 36 days for the highest elevation tree (957 m); 

both occurring on mean DOY 161 (Fig. 10). Full leaf elongation for all paper birch 

occurred within a six-day period. 

 

Figure 10 Mean number of days for phenophase progression for sugar maple for both 
observation seasons from initial phenophase occurrence (e.g. budburst, first leaf color, 
first leaf fall) to full phenophase (e.g. 100% leaf elongation (LE), 100% leaf color 
(LC), 100% leaf fall (LF)). 

 

Paper birch budburst mean HDD was 267 for the upper mid elevation tree (814 m) 

followed by the lowest elevation tree (735 m) at mean HDD 286, the lower mid 

elevation tree (768 m) at mean HDD 293, and the highest elevation tree (957 m) at 
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mean HDD 307 (Fig. 11, Table 3). The lower (735 m) and upper mid elevation (814 

m) trees reached 100% leaf elongation at mean HDD 743 followed by the lower mid 

elevation (768 m) and highest elevation tree (957 m) at mean HDD 838. 

 

 

 

 

 

 

 

 

Paper birch first leaf color mean DOY was 245 for the two mid elevation trees (768 

and 814 m) followed by the highest elevation tree (957 m) on mean DOY 246, and the 

lowest elevation tree (735 m) on mean DOY 257. First leaf color for all paper birch 

occurred within a twelve-day period (Table 4). Progressive leaf color change from first 

to 100% took 29 days for the lowest elevation tree (735 m), occurring on mean DOY 

285. The two mid elevation trees (768 and 814 m) took 30 days to reach 100% leaf 

color, both occurring on mean DOY 275. The highest elevation tree (957 m) achieved 

Figure 11 Paper birch leaf elongation. HDD mean represents observation values for 
two seasons, spring 2009 and 2010. 
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100% leaf color in 38 days, occurring on mean DOY 284. Full leaf color for all paper 

birch occurred within an eleven-day period. 

Paper birch first leaf color mean CDD was 96 for the two mid elevation trees (768 and 

814 m) followed by the highest elevation tree at mean CDD 106, and the lowest 

elevation tree at mean CDD 209 (Table 4). The two mid elevation trees also reached 

100% leaf color first at mean CDD 462 and mean CDD 480, respectively. The highest 

elevation tree (957 m) reached 100% leaf color at mean CDD 696 followed by the 

lowest elevation tree (735 m) at mean CDD 724. 

Paper birch first leaf fall DOY was 243 (2009 value only) for the lower mid elevation 

tree (768 m) followed by the upper mid elevation tree (814 m) on mean DOY 252, the 

highest elevation tree (957 m) on mean DOY 258, and the lowest elevation tree (735 

m) on mean DOY 262 (Fig. 12). First leaf fall for all paper birch occurred within a 

nineteen-day period (Table 5). Progressive leaf fall from first to 100% took 28 days 

for the lowest elevation tree (735 m), occurring on mean DOY 289 (2009 value only). 

The upper mid elevation tree (814 m) took 31 days to reach 100% leaf fall (ending on 

mean DOY 283) followed by the highest elevation tree (957 m), which took 33 days 

and occurred on mean DOY 291. The lower mid elevation tree (768 m) took 44 days 

(ending on mean DOY 287). Full leaf fall for all paper birch occurred within an eight-

day period. 

Paper birch first leaf fall mean CDD was 83 for the lower mid elevation tree (768 m) 

(2009 value only) followed by the mid upper elevation tree (814 m) at mean CDD 
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159, the highest elevation tree at mean CDD 234 and the lowest elevation tree (735 m) 

at mean CDD 274 (Table 5). The mid upper elevation tree (814 m) reached 100% leaf 

fall at mean CDD 651 followed by the lower mid elevation tree (768 m) at mean CDD 

735, the highest elevation tree (957 m) at mean CDD 869 and the lowest elevation tree 

(735 m) at HDD 941 (2009 value only). The overall elevation differences among the 

paper birch were 33, 46, and 143 meters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparisons among Species 

Comparison among tree species showed that sugar maple was the first to achieve 

budburst followed by American beech, paper birch, and yellow birch. Sugar maple 

achieved 100% leaf elongation first followed by paper birch, American beech, and 

yellow birch. All species achieved initial budburst within a 12-day period and 100% 

leaf elongation within an 11-day period (Fig. 13). 

Figure 12 Paper birch leaf fall progression. DOY mean represents observation 
values for two seasons, fall 2008 and 2009. 
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Sugar maple was the first species to reach first leaf color followed by yellow birch, 

paper birch, and American beech. Yellow birch reached 100% leaf color first followed 

by paper birch, sugar maple, and American beech. All species reached first leaf color 

within a 12-day period and 100% leaf color within a 12-day period (Fig. 14). 

 

 
 

 

 

 

 

 

 

Comparison among tree species showed that first leaf fall was earliest for American 

beech followed by yellow birch, sugar maple, and paper birch. Yellow birch reached 

100% leaf fall first followed by, sugar maple, paper birch, and American beech. 

Among the four species, first leaf fall occurred within a 21-day period and 100% leaf 

fall within an eight-day period (Fig. 15). 

Figure 13 Mean DOY observance values for initial budburst and leaf elongation 
phenophases for all individuals of each species. 
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Figure 14 Mean DOY observance values for first leaf color and leaf color 
progression for all individuals for each species. 

Figure 15 Mean DOY observance values for first leaf fall and leaf fall 
progression for all individuals for each species. One hundred percent leaf fall for 
American beech occurred for most monitored trees after field observations ended 
each year so the DOY value for that phenophase was not determined. 
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Across all tree species, sugar maple reached budburst with the lowest mean HDD 

(175) followed by American beech (232), yellow birch (237), and paper birch (287). 

Likewise, sugar maple reached 100% leaf elongation first with the lowest mean HDD 

(466), followed by, yellow birch (691), American beech (724), and paper birch (791) 

(Fig. 16). 

 

 

 

 

 

 

 

 

Sugar maple reached first leaf color with the lowest mean CDD (101) followed by 

yellow birch (127), paper birch (141), and American beech (232). Yellow birch 

reached 100% leaf color with the lowest mean CDD (591), followed by paper birch 

(655), sugar maple (687), and beech (904) (Fig. 17). 

Yellow birch reached first leaf fall with the lowest mean CDD (214) followed by 

sugar maple (219), paper birch (259), and American beech (316). The same pattern 

Figure 16 Mean HDD values for budburst and leaf elongation for all individuals 
for each species. 
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followed for 100% leaf fall; yellow birch reached first leaf fall with the lowest mean 

CDD (774), followed by sugar maple (889), paper birch (913), and American beech 

(Fig. 18). 

 

 

 

 

 

 

 

 

 

Mean ADD were calculated using two years of spring and autumn temperature values. 

A significantly warmer spring resulted in much higher HDD in 2010. Looking at the 

spring of 2009 alone, sugar maple accumulated 148 HDD at budburst, followed by 

American beech and paper birch at 151 HDD, and yellow birch at 158 HDD. Degree-

day requirements were appreciably higher in 2010, starting at 201 HDD for sugar 

maple and effectively doubling for the other species (Fig. 19). Autumn degree-day 

requirements were similar for the two observation years (2008, 2009) for leaf color 

(Fig. 20) but not leaf fall (Fig. 21). 

Figure 17 Mean CDD values for first leaf color and leaf color progression for all 
individuals for each species. 
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Figure 19 Accumulated mean HDD values for budburst for each observation season. 
HDD values for leaf elongation varied considerable from year-to-year. 

 

Figure 18 Mean CDD values for first leaf fall and leaf fall progression for all 
individuals for each species. One hundred percent leaf fall for American beech 
occurred for most monitored trees after field observations ended each year so the 
CDD value for that phenophase was not determined.  
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Figure 20 Accumulated CDD values for first leaf color for each observation 
season. CDD values for leaf color indicate a consistent threshold temperature for 
fall leaf color across years. 

Figure 21 Accumulated CDD values for first leaf fall for each observation season. 
CDD values for leaf fall indicate variation in the amount accumulated from year-
to-year. 
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Discussion 

Elevation trends 

Higher elevation trees accumulated more heating degree-days in their spring 

phenophases than lower elevation trees and less chilling degree-days in their autumn 

phenophases. Higher elevation trees were also later in reaching their spring 

phenophases and earlier in autumn than the lower elevation trees. This can reasonably 

be attributed to both the noted delay in spring calculated (1.03 days/30 m in elevation 

gain) for Mount Tecumseh and the noted delay in autumn (1.46 days/30 m in elevation 

loss). Mid-elevation trees did not always follow this trend; one possible influence was 

the sharpness of the elevation gradient for this length of trail. The distance between 

trees within species was limited, particularly for the mid-elevation trees, by the extent 

of the northern hardwood forest community, which was present along the first ~1.4 km 

of the trail. The gradient of this length of trail provided ~150 m in elevation gain. 

An elevation gradient should affect the rate of phenology in trees in accordance with 

Hopkins’ Bioclimatic Law (Hopkins, 1918), which states that spring advances 1 day 

with every 1,000-foot increase in elevation, 1 day for every 15 minutes of latitude 

northward, and 1.25 days for each degree of longitude westward. Though evidence of 

an elevation trend for both spring and autumn phenology was found on Mount 

Tecumseh, it was not consistent. For example, at least one mid elevation tree for paper 

birch and yellow birch reached budburst before the lowest elevation tree for each 

species and at least one mid elevation tree for paper birch, yellow birch, and American 

beech reached 100% leaf elongation before the lowest elevation trees. The Mount 
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Tecumseh trail initially follows the Tecumseh Brook for 0.5 km. It parallels the brook 

again for a short segment starting at ~1 km, and follows it again for ~0.3 km. For the 

rest of its length the Mount Tecumseh trail closely parallels the open ski slopes that 

cover the southeastern slopes of the mountain. It is likely that microclimate pockets 

created by the brook, the ski slopes, and the natural topography of the mountain were 

affecting the phenology of the observed trees. The lowest elevation trees for each 

species, excepting paper birch, were located along that initial segment of trail that 

parallels the brook, possibly contributing to a delay in spring phenology (Fisher et al., 

2006). 

In most instances in autumn, the higher elevation trees initiated senescence before the 

lower elevation trees and the mid elevation trees followed that trend. However, there 

were some inconsistencies similar to those seen in spring. For example, at least one 

mid elevation tree for American beech and two mid elevation trees for paper birch 

reached 100% leaf color before the highest elevation tree. For sugar maple, the low 

elevation tree both initiated and completed autumn senescence before the high 

elevation tree. Though microclimate variables are possible influences on leaf 

phenology in autumn as well as spring, variations in autumn phenology relative to 

temperature and elevation may be harder to explain. There is more uncertainty on the 

role of photoperiod in autumn than spring phenology and its prominence in 

determining senescence over temperature (Richardson et al., 2006). Photoperiod 

values were not determined on Mount Tecumseh. 
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Progression to full senescence in autumn advanced more slowly for the upper 

elevation trees, on average 8 days. Along the elevation gradient, the average delay in 

autumn was 1.46 days for every 30 m decrease in elevation though this delay was 

most marked for American beech, which experienced a 3.83 delay in autumn for every 

30 m decrease in elevation. Lechowicz (1984) has examined the role of historical 

origins in tree phenology and demonstrated the possibility that long-term life history 

traits can affect the rate of phenological progression in trees. Examining data from 

northern temperate forests, Lechowicz determined that trees that originated in southern 

tropical climates are generally later in their phenology than trees of temperate origins. 

Hence, trees of the genus Fagus, such as American Beech (Fagus granidifolia) that 

are of southern tropical origins (Burns, R.M., Honkala, & B.H, 1990) can be expected 

to experience delayed phenology in a temperate forest. 

Another factor that can create differences in the spring and autumn phenology of 

species along an elevation gradient relative to the recorded temperatures is the 

difference in temperature at canopy level and ground level (Augspurger, C.K. & 

Bartlett, E.A., 2003). Data loggers were placed at ground level along the research 

transect. The weather station was located at a high elevation on an open slope with 

southeastern exposure. Radiation cooling at night may have resulted in temperatures in 

the upper canopy that varied from the logger temperatures at ground level that were 

used in the calculation of the predicted temperatures and thermal degree sums for each 

tree. 
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Species Variations 

Recent phenological studies of northern hardwood trees and their phenology have 

indicated variation in the timing of phenological events across species (Richardson, 

2006). Richardson et al. (2006) in their analysis of 14 years of tree phenology data 

from Hubbard Brook Experimental Forest in Thornton, New Hampshire showed a 

trend of earlier spring development for sugar maple, which is the first to leaf out 

(budburst), followed by American beech, then yellow birch. Prior studies have shown 

that yellow birch generally precedes American beech (Lechowicz, 1984). Wilmot et 

al. (1995) supported the earlier finding that yellow birch precedes American beech on 

Mount Mansfield in Underhill, Vermont in a comparative analysis of one year of tree 

phenology data with three prior years. Reporting on their focal study year (1995), 

sugar maple achieved budburst earliest, followed by yellow birch, and American 

beech. Neither the Hubbard Brook nor the Mount Mansfield study considered paper 

birch. 

Mount Tecumseh mirrored Hubbard Brook in its pattern of budburst; sugar maple 

reached earliest budburst, followed by American beech, and yellow birch. Paper birch 

preceded yellow birch by 2 days in reaching budburst. Paper birch on Mount 

Tecumseh and in general in the northeast is a higher elevation species; hence, 

expected to succeed yellow birch in its spring phenology. It will be interesting to see if 

this trend is upheld with further study. Wilmot et al. (1995) indicated that yellow birch 

in their focal study year (1995) progressed more rapidly than in prior years, by about 

three weeks, and American beech progressed more slowly; however, a review of 
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observations from all four years in their study showed the same progression in 

development as their focal year. 

The general trend of earlier budburst for maple, followed by beech, then birch was 

found at two study sites and is perhaps representative of spring phenology for these 

species in the northeast, considering both studies analyzed data that are more recent 

and that Hubbard Brook analyzed 14 years. Comparison among the sites of the DOY 

occurrence values for spring phenology was challenging because the phenology 

indexes used at each site vary for most phenophases. Comparison was made among 

sites between DOY and budburst for sugar maple. At Hubbard Brook, the phenology 

index value “1” is equivalent to noticeable bud swelling; at the Mount Mansfield site, 

phenology index value “F4” is equivalent to budburst; and, on Mount Tecumseh the 

phenology index value 0% is equivalent to budburst. The average DOY occurrence 

value for sugar maple at each site for all elevations was ~125 at Hubbard Brook, ~152 

at Mount Mansfield, and 111 on Mount Tecumseh. Just looking at Mount Mansfield 

and Mount Tecumseh, where we were comparing the same phenophase, there was a 

noticeable advance in bud development for sugar maple. A similar advance in spring 

phenology was observed when comparing the average DOY occurrence value for 

American beech and yellow birch. The average DOY occurrence value for American 

beech and yellow birch was also ~ 152 on Mount Mansfield; and 119, and 121, 

respectively, on Mount Tecumseh. This trend is suggestive considering recent studies 

have shown an advance in spring phenology in the northeast (Fitzjarrald et al., 2001; 

Richardson et al., 2006). 
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Where phenophases could be compared between Hubbard Brook and Mount 

Tecumseh, occurrence values were similar. At Hubbard Brook, the phenology index 

value “3” was equivalent to 50% leaf elongation on Tecumseh; at Hubbard Brook, 

50% leaf elongation was reached by sugar maple on average DOY 134. The same 

average DOY value resulted for sugar maple on Tecumseh ± 14 days for the other 

species. The mean elevation for the three sites for the northern hardwood species only 

(sugar maple, American beech, and yellow birch) were 549 m at Mount Mansfield, 

606 m at Hubbard Brook, and 648 m at Mount Tecumseh. Topographical and 

microclimate differences between the three sites likely influenced the phenology of 

resident tree species (Pellikka, 2001; Fisher et al., 2006). 

Richardson et. al. (2006) reported that regardless of species, at least 112 degree-days 

above the base temperature of 4°C were required for development from budburst 

(Hubbard Brook phenology index value 1, which indicates evidence of bud swelling) 

to 75% leaf elongation (Hubbard Brook phenology index value 3.5). Sugar maple on 

Mount Tecumseh required at least 176 degree-days above the same base temperature 

to progress from budburst to 75% leaf elongation; the other species required 300+ 

degree-days. Spring 2010 in the northeast was one of our warmest on record; New 

Hampshire experienced its third-warmest March and its warmest January to March 

(NOAA, 2010). These warm spring temperatures were likely responsible for elevated 

accumulation of HDD in 2010. For example, in 2009 American beech reached 

budburst at 151 HDD and in 2010 at 312 HDD. 
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The accumulated degree-day method used on Mount Tecumseh does not take into 

consideration the chilling requirements needed by some species to achieve budburst. 

Generally, bud growth does not respond to warming until a minimum amount of 

chilling is reached (Chuine, 2000); however, the chilling requirements of individual 

species are not fully understood and some species may lack a chilling requirement 

(Richardson et al., 2006; Morin et al., 2009; Lechowicz, 1984). Species that are later 

in their spring phenology may have greater chilling degree requirements to break 

dormancy than other species (Morin et al., 2009). Under that assumption, sugar maple 

on Mount Tecumseh may require the least amount of chilling degree-days to reach 

budburst. The simple model of accumulated degree-days used for this study was 

adequate for describing elevation trends among species along the elevation gradient 

for the observed northern hardwood species (Richardson, 2006) though it will not 

account for some variations in ADD. Under global warming scenarios, species with 

greater chilling requirements may experience a later spring 

Wood anatomy may be another means promoting variation among species in their 

phenology. Diffuse-porous species experience less variation in the number of water 

transport cells (xylem) between spring and summer, have a smaller proportion of 

secondary transport xylem in their conducting elements, and generally have earlier 

leaf phenology in spring than ring-porous species. Most trees both temperate and 

tropical are diffuse-porous though ring-porous species are more common in temperate 

forests (Lechowicz, 1984). Each of the species studied here are diffuse-porous though 
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variation in porosity exists within this classification and will affect phenology (Cown 

& Parker, 1978). 

Variation across species was also evident in autumn for both leaf color and leaf fall. 

At Hubbard Brook, senescence occurred more slowly for sugar maple than American 

beech or yellow birch though American beech was the last to lose its leaves in autumn. 

On Mount Mansfield, senescence occurred more slowly for American beech, followed 

by yellow birch, and sugar maple. Again, Mount Tecumseh mirrored Hubbard Brook 

in its phenology where autumn senescence progressed more slowly for sugar maple, 

than American beech or yellow birch. Paper birch also fully senesced before sugar 

maple. Based on previous phenological work and as previously mentioned, we may 

expect a degree of species variability due to differences in topography and resulting 

microclimates (Fisher et al., 2006; Pellikka, 2001), and physiological characteristics 

(Lechowicz, 1984). The role of photoperiod in autumn senescence is also more likely 

to play a role in driving phenological progression (Richardson et al., 2006). 

Comparison among study sites in their autumn phenology was limited because of the 

differences in the phenological indexes used. Mount Mansfield and Mount Tecumseh 

were compared more easily. There was a marked delay in the start of autumn when 

comparing the two mountains for all species, more so in leaf color than leaf fall. The 

average DOY occurrence value for first leaf color for sugar maple on Mount 

Mansfield was ~210, compared to 245 for Mount Tecumseh. This delay in autumn 

phenology was observed in American Beech and yellow birch as well. The average 

DOY occurrence value for first leaf color for American beech on Mount Mansfield 
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was ~245, compared to 258 on Mount Tecumseh; and for yellow birch it was ~220 on 

Mount Mansfield, compared to 250 on Mount Tecumseh. A delay in leaf fall DOY 

occurrence values was also observed though it was not as striking; the largest delay 

was 5 days for both sugar maple and yellow birch with none observed for American 

beech. This marked delay in autumn leaf color initiation supports the observed trend 

of a lengthening growing season in the Northeast (Hayhoe, 2007) considering the 

thirteen-year gap in these two datasets. A similar delay for 100% leaf color was not 

observed; for two species 100% leaf coloration occurred earlier by several days on 

Mount Tecumseh, resulting in a shorter senescence. The impact of warmer autumns is 

not fully understood though it is likely to affect spring budburst dates and affect 

species resiliency to spring frost events; warmer temperatures in autumn may delay 

the photoperiod induced drive to dormancy in trees, which helps them conserve 

resources for winter survival and spring development (Heide, 2003). 

Comparisons between autumn phenology values relative to CDD for Mount Tecumseh 

and Hubbard Brook revealed a greater accumulation of chilling units on Mount 

Tecumseh. The Hubbard Brook phenology index for autumn combines leaf color and 

leaf fall into overall senescence where the phenology index value 1 is equivalent to no 

more green evident in the canopy and half the leaves fallen. According to Richardson 

et al. (2006) this phase was reached on average at 399 ±31 degree-days below the base 

temperature of 20°C. On Tecumseh, 100% leaf color and 50% leaf fall was reached on 

average at 281 ±32 degree-days. Differences in accumulated degree-days 

appropriately may be attributed to the differences in the length of the record at each 
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site, 14 years at Hubbard Brook and two years at Tecumseh. A longer record of 

phenology at the Tecumseh site would have reduced the affects of the unusually warm 

spring in 2010 and its impact on accumulated HDD, in particular. The average 

temperature at Hubbard Brook over the fourteen-year period was 6.9°C at 259 m. On 

Mount Tecumseh the average temperature over the two-year period, calculated using 

the predicted temperatures was 4.5°C at the lowest data logger elevation of 611 m. 

Both studies used slightly different ELR’s and the extent of the elevation gradient on 

Mount Tecumseh was greater. Even slight differences in mean temperature values will 

affect phenology in deciduous trees. On Mount Tecumseh, there was a calculated 

delay in spring of 1.03 days/30 m in elevation gain; Hubbard Brook calculated a delay 

in spring of ~0.8 days/30m (Richardson et al., 2006). 

Determining Threshold Temperatures 

The unusually warm spring in 2010 and the short duration of the observations limited 

the realistic establishment of threshold temperatures that trigger phenological stages 

for northern hardwood trees though patterns did emerge from these observations. 

Sugar maple required the least amount of accumulated degree-days to reach budburst 

in both spring seasons. Beech, yellow birch, and paper birch each required the same 

approximate amount to reach budburst in each season though the amount required 

between 2009 and 2010 for these species doubled. The progression of phenology for 

these species remained the same from year-to-year in spring and for leaf color change 

with a minimal change in progression for leaf fall. In autumn, American beech 
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required the highest amount of CDD to progress through its phenology, possibly 

linked to its life history as a more southern/tropical species (Lechowicz, 1984). 

Climate Change and Long-term Records 

The advancement of spring over the last several decades in response to climate change 

has become widely accepted; the examination of long-term phenological and climate 

records, remote sensing phenology studies, and modeling efforts have demonstrated an 

existing and projected shift in spring phenology (Badeck et. al., 2004; Cleland et. al., 

2007; Schwartz et. al., 2006). Similarly, regional and global studies have 

demonstrated a delay in the onset of autumn (Walther et. al., 2002; Khanduri et. al., 

2008). Linking these advances in phenology to northeast forest impacts will be 

confounded by the topography of the region and its resulting microclimates (Fisher et. 

al. 2006). The continuation of long-term ground observations will be important to the 

direct measurement of climate change impacts on regional vegetation. Long-term 

ground phenology records do not exist in the northeast though the establishment of 

them is well underway; phenology-monitoring efforts have been ongoing at Hubbard 

Brook since 1989, Harvard Forest, MA since 1990, and on Mount Mansfield, VT since 

1992. Because this study is in its early stages, it cannot provide absolute estimates of 

spring advancement or overall lengthening of the growing season for the northeast. 

However, comparisons to existing datasets can broaden the regional scope, revealing 

similarities and differences among sites. 
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Conclusion 

A review of two years of phenological and climate records on Mount Tecumseh in 

Waterville Valley, NH, demonstrated that higher elevation trees accumulated more 

heating degree-days in their spring phenophases than lower elevation trees and less 

chilling degree-days in their autumn phenophases. Higher elevation trees were also 

later in reaching spring phenophases and quicker to senesce. This trend in phenology 

is in accord with the noted delay in spring and the advance in autumn calculated along 

the elevation gradient for Mount Tecumseh. Mid-elevation trees did not always follow 

this trend; across species, there were instances in which mid-elevation trees preceded 

higher elevation trees in autumn phenology and lower elevation trees in spring. 

Mechanisms of microclimate, topography, tree physiology, and temperature gradients 

relative to the slope of the trail and the height of the canopy may have affected mid-

elevation results.  

Recent phenological studies of northern hardwood trees and their phenology have 

indicated variation in the timing of phenological events across species. Results on 

Mount Tecumseh confirmed the order of progression of spring and autumn phenology 

for several species. Sugar maple is the first tree to leaf out in spring followed by 

American beech, and yellow birch. This study included paper birch, which preceded 

yellow birch in its initiation of spring though it progressed in its phenology more 

slowly. In autumn, senescence progressed more slowly for sugar maple, than 

American beech, yellow birch, or paper birch. Sugar maple, which also leafs out 
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before the other species has the longest growing season; this variation in species may 

be explained by physiological differences.  

Comparison of spring and autumn phenology between Mount Tecumseh and Mount 

Mansfield evidenced an advance in spring phenology and a delay in autumn, 

extending the growing season for three northern hardwood species and supporting 

recent studies. Comparison of spring and autumn phenology between Mount 

Tecumseh and Hubbard brook evidenced a greater accumulation of heating degree-

days in spring for significant phenophases and a lesser accumulation in autumn. 

Spring 2010 in the northeast was one of our warmest on record; higher temperatures 

were likely responsible for elevated accumulation of degree-days in spring. The affect 

on fall is less clearly understood. Topographical and microclimate differences between 

the three sites mentioned likely influenced the phenology of resident tree species. 

Overall, phenology progression patterns between the two most recent studies were 

similar, particularly when evaluated against the day-of-year. 

Continued monitoring will contribute to the establishment of threshold temperatures 

for triggering different phenological stages in northern hardwood trees. Temperature 

differences between the spring of 2009 and 2010 resulted in higher accumulated 

degree-days in our second year of study. Despite this difference, observed trees were 

generally consistent in their progression of phenology in both spring and autumn. 
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Limitations and Future Work 

Observer skill and bias in phenological observations is hard to quantify. One 

individual conducted the bulk of the observations made during the course of the 

current study period; however, two additional individuals contributed. The ongoing 

nature of this research effort means that multiple people will conduct observations 

over time. Current and future efforts will aim to ensure consistency in the instructions 

provided to observers, and to support the development of validation methods to test 

the accuracy of observer records. The influence of observer bias will reduce as the 

data record grows. 

The site variability that exists in a mountainous environment, influenced by features 

such as slope, aspect, micro-topography, and soil moisture will influence the 

phenology of trees. Though temperature has been shown to be the primary driver of 

phenology, particularly in spring, spring events have also been coupled to solar 

radiation and autumn events to photoperiod (Caprio et. al., 1974; Lee et. al., 2003). 

Microclimate variables relative to topography, radiant cooling, slope, and soil 

moisture were not considered in this study. Microclimate data relevant to each tree site 

is being collected, however, and in concert with predicted and actual temperatures will 

inform future analyses. 

The base temperature in plants is the temperature below which plants do not grow; this 

is determined by the life cycle of plants so it will vary across species. The base 

temperatures used to calculate accumulated degree-days in this study are generally 

accepted as appropriate for both spring and autumn phenology analyses (Richardson et 
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al., 2006). However, a more accurate base temperature for resident species at this site 

will better help us determine the threshold temperature for triggering phenological 

stages. A larger dataset from Mount Tecumseh will clarify the appropriate base 

temperature for these trees. 

Long-term datasets are most valuable in analyzing impacts of climate change on 

phenology. Here we use a two-year dataset to establish trends for northern hardwood 

species along an elevation gradient and to determine the baseline phenology of these 

species relative to temperature and day-of-year. The continued collection of data on 

Mount Tecumseh will confirm the early trends delineated here and build a dataset 

useful to contributing to regional efforts to predict the impacts of climate change on 

northeastern forests.  
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Appendix A: Phenophase Description Examples – Autumn Observations 

Source: USA National Phenology Network 

American Beech (Fagus grandifolia – FAGR) 

Leaf Color Change 

�ote: If drought seems to be the cause of leaf color change for a plant, please make a 

comment about it for that plant.  

First leaf colored 

In at least 3 locations on the plant, the green leaves have begun to change to their late 
season colors.  

25% of leaves colored 

For the whole plant, one-quarter (25%) of the leaves (including any that have fallen to 
the ground) have changed to their late season colors.  

50% of leaves colored 

For the whole plant, half (50%) of the leaves (including any that have fallen to the 
ground) have changed to their late season colors.  

75% of leaves colored 

For the whole plant, three-quarters (75%) of the leaves (including any that have fallen 
to the ground) have changed to their late season colors.  

All leaves colored  

For the whole plant, virtually all (95-100%) of the leaves (including any that have 
fallen to the ground) have changed to their late season colors and there is virtually no 
green left in the leaves.  

Leaf fall  

�ote: If drought seems to be the cause of leaf fall for a plant, please make a comment 

about it for that plant.  

First leaf fallen 

In at least 3 locations on the plant, a leaf easily falls off into your hand when touched 
or gently handled. First leaf fallen may also be indicated by the presence of at least 3 
leaves on the ground below the plant (that are not apparently from another individual 
nearby).  

 25% of leaves fallen 

For the whole plant, one-quarter (25%) of the leaves have fallen.  

50% of leaves fallen  

For the whole plant, half (50%) of the leaves have fallen.  

75% of leaves fallen 

For the whole plant, three-quarters (75%) of the leaves have fallen. For Fagus 

grandifolia, this includes any leaves that have dried and remain dead on the plant. 

All leaves fallen 

For the whole plant, virtually all (95-100%) of the leaves have fallen. For Fagus 

grandifolia, this includes any leaves that have dried and remain dead on the plant. 
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Appendix B: Sampling of images used for reference during field observations 

 

 

 

  

Figure A1 Sugar Maple (Acer 

saccharum) at budburst (Photo source: 

University of New Brunswick, Forestry 

and Environmental Management) 

 

Figure A2 American Beech (Fagus 

grandifolia) bud swelling (Photo source: 

University of New Brunswick, Forestry 

and Environmental Management) 
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Appendix C: Deciduous Tree Data Collection Sheet – Autumn Observations 

  Source: USA National Phenology Network (2008 Protocols) 

Deciduous Tree Data Collection Sheet   Date: 

    
Physical 

Characteristics Leaf Color Change Leaf Fall 
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    Fill in Y (yes) or N (no) F ill in X (did not check); N (not reached); R (reached); M (missed) 

1 Beal                           

2 Fagr                           

3 Beal                           

4 Fagr                           

26 Acsa                           

5 Beal                           

6 Beal                           

27 Fagr                           

28 Acsa                           

11 Acsa                           

29 Fagr                           

10 Acsa                           

13 Bepa                           

14 Beal                           

30 Fagr                           

31 Acsa                           

16 Acru                           

18 Beco                           

20 Beco                           

23 Beco                           

32 Beco                           

Notes: 
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Appendix D: Mount Tecumseh Location Map 
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Appendix E: R Scripts 

 

1. Calculate Environmental Lapse Rate (ELR) to predict temperatures at 

specific tree and data logger elevations 

 
#Attach relevant data file 
 attach (temp.elev) 
 
#Assign data logger and weather station temperature records to vector “temps” 
 temps <- temp.elev[,c("atmpd1","atmpd2","atmpd3","atmpd4","atmpd5","atmpws")] 
 
#Assign data logger and weather station elevation values to vector “elevs” 
 elevs <- temp.elev[,c("l1elev","l2elev","l3elev","l4elev","l5elev","wselev")] 
 
#Run mslopes to calculate the slope of each paired value in the temperature record 
 library(mblm) 
 mslopes <- 1:nrow(“name of data ) 
 for (j in 1:nrow(temp.elev)){ 
  y <- c(temps[j,1],temps[j,2],temps[j,3],temps[j,4],temps[j,5],temps[j,6]) 
  x <- c(elevs[j,1],elevs[j,2],elevs[j,3],elevs[j,4],elevs[j,5],elevs[j,6]) 
  x <- x[is.na(y) == FALSE] 
  y <- y[is.na(y) == FALSE] 
  if(length(y) > 1){ 
  mslopes[j] <- mblm(y ~ x)$coefficients[[2]] 
  } 
  else mslopes[j] <- NA 
  }  
  
#Assign the median of all the slopes calculated by mslopes as the ELR  
 lapse.rate <- median(mslopes,na.rm=TRUE) 
 
#Use lapse.rate to predict temperatures at each tree elevation [segment of completed 
script provided]; values in script (e.g. 2143-3800) are known elevations for a specific 
tree and the elevation of the reference location (e.g. the weather station) used to 
calculate the temperature at that tree 
 pred.2143 <- lapse.rate*(2143 - 3800) + atmpws 
 pred.2341 <- lapse.rate*(2341 - 3800) + atmpws 
 pred.2495 <- lapse.rate*(2495 - 3800) + atmpws 
 pred.2569 <- lapse.rate*(2569 - 3800) + atmpws 
 pred.2753 <- lapse.rate*(2753 - 3800) + atmpws 
 
#Use lapse.rate to predict temperatures at each data logger location 
 pred.l1 <- lapse.rate*(2059 - 3800) + atmpws 
 pred.l2 <- lapse.rate*(2344 - 3800) + atmpws 
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 pred.l3 <- lapse.rate*(2523 - 3800) + atmpws 
 pred.l4 <- lapse.rate*(3290 - 3800) + atmpws 
 pred.l5 <- lapse.rate*(3825 - 3800) + atmpws 
 
#Correlate predicted temperatures with actual temperatures at each data logger to test 
fit of lapse.rate as a predictor of temperature along the elevation gradient. 
 cor(pred.l1,atmpd1,use = "complete.obs") 
 cor(pred.l2,atmpd2,use = "complete.obs") 
 cor(pred.l3,atmpd3,use = "complete.obs") 
 cor(pred.l4,atmpd4,use = "complete.obs") 
 cor(pred.l5,atmpd5,use = "complete.obs") 
 

2. Calculate accumulated degree-days for each tree in each season (fall and 

spring) for each phenophase occurrence 

 

#Attach relevant data file 
 attach(loggers.all) 
 
# Create a function to calculate the mean temperature for each day for each tree where 
pred = predicted temperature for that tree and ody = the ordinal day of year 
 mean.date <- function(pred,ody){ 
 if(length(ody) != length(pred)){stop("Tree data and dates are different lengths.")} 
 pred <- pred[is.na(ody) == FALSE] 
 ody <- na.omit(ody) 
 date.vec <- unique(ody) 
 mean.vec <- numeric(0) 
 for(i in 1:length(date.vec)){ 
 pred.tmp<-pred[(ody==date.vec[i]) & (is.na(ody==date.vec[i]) == FALSE)] 
 mean.vec[i] <- mean(pred.tmp,na.rm=TRUE) 
 } # End for 
 add.date <- data.frame(date.vec,mean.vec) 
 return(add.date) 
 } #End Function 
 
#Create the function used to calculate accumulated Heating Degree Days (hdd) for 
each tree where m=the mean temperature for each day and b=the baseline temperature 
used to calculate hdd 
 hdd <- function (m,b,date.vec){ 
 x <- m - b 
 x [x<0] <- 0 
 par.sums <- 1:length(x) 
 for(i in 1:length(x)){ 
 y <-rep(1,i) 
 par.sums[i] <- y%*%x[1:i] 
 }#End For 
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 temp <- data.frame(par.sums,date.vec) 
 names(temp)<-c("add","date") 
 return(temp) 
 }#End Function 
 
# Create the function used to calculate accumulated Chilling Degree Days (hdd) for 
each tree where m=the mean temperature for each day and b=the baseline temperature 
used to calculate cdd 
 cdd <- function (m,b,date.vec){ 
 x <- m - b 
 x [x>0] <- 0 
 par.sums <- 1:length(x) 
 for(i in 1:length(x)){ 
 y <-rep(1,i) 
 par.sums[i] <- y%*%x[1:i] 
 }#End For 
 temp <- data.frame(abs(par.sums),date.vec) 
 names(temp)<-c("add","date") 
 return(temp) 
 }#End Function 
 
#Create function to calculate ADD for each tree by season (hdd for spring, cdd for 
fall) where pred = the predicted temperature, ody = the ordinal day of year, base = the 
base temperature, and season = “spring” or “fall” 
 do.it.all <- function(pred,ody,base,season){ 
 # season = "fall" or "spring" 
 temp <- mean.date(pred,ody) 
 if(season == "fall") temp1 <- 
cdd(m=temp$mean.vec,b=base,date.vec=temp$date.vec) 
 if(season == "spring") temp1 <- 
hdd(m=temp$mean.vec,b=base,date.vec=temp$date.vec) 
 if((season != "fall") & (season != "spring")) stop("Need to know the season: fall or 
spring?") 
 return(temp1) 
 } # End function 
 
#Create function to get the ADD for each phenophase (e.g. budburst) for each tree 
 pheno.dd <- function(dd.df,pheno.df){ 
 a<-unique(pheno.df$ody) 
 b<-rep(NA,nrow(pheno.df)) 
 for(i in 1:length(a)){ 
  if(sum(dd.df$date==a[i]) > 0)b[pheno.df$ody==a[i]]<- 
  rep(dd.df$add[dd.df$date==a[i]],sum(pheno.df$ody==a[i])) 
 }#END For 
 pheno.df<-data.frame(pheno.df,b) 



74 

 

 names(pheno.df)<-c("tag","ody","pheno","date","doy","add") 
 return(pheno.df) 
 }#END FUNCTION 
 
# Call do.it.all function to calculate hdd or cdd for each tree [segment of completed 
script provided]; ody is limited to established range of ody (e.g. ody>8227 & 
ody<8306 in fall 2008) for each season 
 fall08.1959 <- do.it.all(pred.1959[(ody>8227) & (ody<8306)],ody[(ody>8227) &   
 (ody<8306)],base=68,season="fall") 
 spring09.1959 <- do.it.all(pred.1959[(ody>9000) & (ody<9182)],ody[(ody>9000) &  
 (ody<9182)],base=39,season="spring") 
 fall09.1959 <- do.it.all(pred.1959[(ody>9227) & (ody<9304)],ody[(ody>9227) &  
 (ody<9304)],base=68,season="fall") 
 spring10.1959 <- do.it.all(pred.1959[(ody>10000) & (ody<10159)],ody[(ody>10000)  
 & (ody<10159)],base=39,season="spring") 
 fall08.2424 <- do.it.all(pred.2424[(ody>8227) & (ody<8306)],ody[(ody>8227) &  
 (ody<8306)],base=68,season="fall") 
 spring09.2424 <- do.it.all(pred.2424[(ody>9000) & (ody<9182)],ody[(ody>9000) &  
 (ody<9182)],base=39,season="spring") 

 

#Attach relevant file to call function pheno.dd 
 pheno.df<-read.csv("vegphase.all.csv",as.is=TRUE) 
 
#Call pheno.dd to get the ADD for each tree in each season [segment of completed 
script provided] 
 add.pheno.f081959<-pheno.dd(fall08.1959,pheno.df) 
 add.pheno.f081978<-pheno.dd(fall08.1978,pheno.df) 
 add.pheno.f091959<-pheno.dd(fall09.1959,pheno.df) 
 add.pheno.f091978<-pheno.dd(fall09.1978,pheno.df) 
 add.pheno.s091959<-pheno.dd(spring09.1959,pheno.df) 
 add.pheno.s091978<-pheno.dd(spring09.1978,pheno.df) 
 add.pheno.s101959<-pheno.dd(spring10.1959,pheno.df) 
 add.pheno.s101978<-pheno.dd(spring10.1978,pheno.df) 
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Appendix F: Supplemental Vegetation Data 

 

Table A1 Health assessment results for each tree observed; subsequent to the 
observation period presented in this study, additional trees were added to the research 
transect (see following page for a table of Health Assessment Codes). Health 
assessment protocols were adapted from the Tree Health Monitoring Protocols and 
Standards of the EMAN Ecosystem Health Monitoring Partnership of Canada. 
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Table A2 Health Assessment Codes 
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