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Abstract

Recent changes in the timing of annual events are a sign that climate change is
already impacting ecosystems. Carbon sequestration by forests increases with longer
growing seasons. Biodiversity can be affected by mis-timing of events through shading
interactions and frost damage. Projecting forests” ability to provide these ecosystem
services in the future requires an understanding of trees” phenological responses to a
new climate. Ibegin by proposing a first order definition of an ‘optimal’ phenological
response to warming: that the mean temperature following budburst should remain
essentially constant. Analogously, the temperature preceding senescence can serve the
same role.

To understand which environmental cues will drive future changes in
phenology, I assimilate clues from observational and experimental literature. For
budburst in woody plants, spring warmth, over-winter chilling and light drive nearly all
behavior, but species’ responses vary widely. Species using chilling or light as safety
mechanisms against budburst during mid-winter thaws are thought to be less able to
phenologically track a warming climate. However, I show that even species supposedly
cued by spring warmth alone are likely to under-track temperature changes. Fall cues
are more idiosyncratic, and a plant’s driver of senescence is likely to vary from year to

year.
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Models are a tempting method to untangle species budburst cues and forecast
phenology under warmer climate scenarios. I tested two models’ ability to recover
parameters used to simulate budburst data. The simpler model was cued only by spring
warmth while the complex one modulated warmth requirements with chilling exposure.
For the simple model, parameters could be recovered consistently from some, but not
all, regions of parameter space. The complex model’s parameters were largely
unrecoverable. To understand the consequences of parameter uncertainty, I applied
both models to an 18 year phenological record of 13 deciduous tree species. While a few
species fell into identifiable regions of the simple model’s parameter space, most did not,
and projected budburst dates had wide parameter-derived uncertainty intervals. These
bands were wider still under a 5°C warming scenario. Even greater uncertainty resulted
from the complex model.

To better understand plants’ potential for growing season extension I subjected
seedlings to warmer climates in a series of open-topped chambers in sites at the northern
and southern edges of the eastern deciduous biome. Soil and air were heated to 3°C or
5°C above ambient, or left unheated. For nearly all species, warming hastened budburst
and germination and delayed senescence. However, these events failed to track
temperature changes, happening at warmer temperatures in hotter chambers.

Individual species showed a remarkable variability of all events” dates within



treatments, and even within chambers. Because phenological traits are heritable, this
offers a potential for evolutionary response to climate change.

This research has shown that while individual trees extend their growing seasons
under warmer temperatures, they typically under-respond to the magnitude of
warming, suggesting forests’ capacity for increased carbon sequestration may reach a
limit. However, within populations, trees vary substantially in their phenological

responses, forming a possibility for evolutionarily adaptation to changing cues.

vi



Contents

ADSETACE ..ttt ettt et b e et h et e bt e at et e b e et e naeeaeenee iv
LISt Of TaADIES ...ttt ettt ettt ettt sttt ettt be b e xi
List Of FIUTES ....cuvviiiiiiiiicici e xiii
Acknowledgements...........cccoiiiiiiiiiiiiiiii s xviii

1 What cues induce temperate deciduous trees’ leaf budburst and senescence? A

review of experimental and modeling evidence. ... 1
1.1 INtrodUCHON ..o 1
1.2 What is optimal phenology? ........ccccociiviiiiiininiiiiiiiciiceceese e 3

1.2.1  Definitions of growing season length............cccccccoviiiinniniinnne, 3
1.2.2  Tradeoffs in optimal phenology ..........cccoviuiiiiiiiiininiiiiiiicce 4
123 A working definition of optimal phenology ..., 6
1.2.4  Within-species phenological diversity and climate resilience.......................... 7
1.2.5 Correlates of phenological conservatism...........cccccoeeienrcininiccnnecceenne. 7
1.3 Spring phenology ..o 10
1.3.1 Possible cues for budburst ..........ccccoeuvininiiiniciiiicicc, 10
1.3.1.1  Spring warmth ..o 10
1.3.1.2  Lightu e 13
1.3.1.3  Winter Chilling ..o 16
1.3.14  Interactions amoONE CUES ........ccccuevuiiiiiiiiiiiiiiicc e 17

1.3.1.5  Are safety cues needed to explain nonlinear phenological responses? 18

1.3.2  Budburst patterns from common garden experiments ...........c.ccccccceevrurueuennne. 21

vii



1.3.21  Geographical patterns of cues..........cccccceviuiiniiiiinniiiiincccccces 21

1.3.22  The interpretation of common garden results............cccevuiiiiviniinnnnnns 25
1.3.2.3  Results from common garden experiments..........ccocooeeeeveieeneninenininiennnne, 27
1.3.3 What can budburst models tell us about phenological cues?......................... 31
1.4 Autumn phenology ... 32
1.4.1  BacKgroUnd ..o 32
1.4.2 Long-term senescence trends ..o 34
1.43 DPotential cues for leaf senescence and drop ..........cccoeeveeeccccccccccccne, 35
1.4.3.1  Lightu. 35
1432  Temperature ... 37
1.4.3.3  Water availability .......ccccccoviiiiiiiiiiicccceeceees 37
1434  COz2 concentration...........coeeieveiiiiiniiieiiicc e 38

1.5 CONCIUSIONS ..ot 39

2 Changes in the onset of spring and uncertainty in 21st century terrestrial carbon

SITIKS ettt b et a ettt b e bbbt et se st ne e 44
2.1 INtrOAUCHON. ...ttt ettt 44

2.2 MEROAS ..t 49
221 Weather Data ....ccocivuciriiiiieiicieciccccttece ettt 49
222 Phenological Data........ccccovuiiiiiniiiiiiiiiiiiiccicce s 49
2.2.3  Phenological Models..........ccccouviinininininiiiiiiiiciccccccccc s 50
224  Model ASSESSIMENL ......cceeuiruieiiriiriintenteietetete ettt ettt sttt 52
2.2.5 Parameterization of models from observational budburst data..................... 55

viii



2.3 RESUIES ettt ettt ettt s s et e s s e bt e e s e ate e s s erreeeseanes 56

2.3.1 Simulated Data: Parameter Recovery and budburst Projections ................... 56
23.1.1  Spring Warming Model.........cccoiiinininiiinieeeccccce 56
2.3.1.2  Chilling-Forcing model..........ccooooiiiiiiniiiiiicc 64

2.3.2 Parameter Identifiability and Budburst Projections from Observational Data

71
23.2.1  Spring Warming model ...........ccccooiiiiininiiiniiiiiicinccccee 71
2.3.2.2  Chilling-Forcing model...........cccccoiviiiiiiiiniiiiiiiiiicccccces 77
2323  Comparison of fits by model type........cccoovviininiiiiiiiiiicc 80
2.3.3 Uncertainty of overall growing season length ...........c.ccoooovvnnnnnnn 84
2.4 DISCUSSION ...viuiitiietiietiietet ettt 85

3 The limits to growing season length: An experimental study from the northern and

southern margins of the eastern deciduous biome............ccccococeiviniiiiiniiiniiiniice, 89
3.1 INtrOdUCHON . ..o s 89
3.2 Methods ... 95

3.2.1 Study sites and experimental design...........cccooveveieieiiieieiecicccc 95
3.2.2 Planting and plant measurements.............ccccccevuiiviiiiiiiiiiiiiie 98
3.2.3  Data analysis ... 100
3.3 ReSUILS oo 100
3.3.1 Experimental manipulations ..........cccccccoivniiiiniiiiiniiie, 100
3.3.2 Phenological shifts due to temperature, light and plant height ................... 101
3.3.2.1  Germination dates ..o 101
3.32.2  BUdbUurst.....ccoiiiiiiiiiccc 104



3.3.2.3 SOIIESCOIICE ...cooeeeieieeeee ettt et e e e eeetteeeeeesssssaaaeeesessssssanatreesessssssnnsseseses 105

3.3.3 Is phenology tracking temperature changes? ............ccccoevvciiiiinininnnnnnnnn 107
3.3.4 Intraspecific Variation ... 111
3.3.5 Growth and development consequences of phenological shifts.................. 114

3.4 DISCUSSION ....viuiititictiietcetce ettt 116
Appendix A: Supplemental materials for Chapter 3 ..., 122
REfETENCES ...ttt 136
BIOGTaphy ..o 148



List of Tables

Table 1-1: A summary of budburst observations of temperate trees planted in common
gardens. The column ‘Budburst Pattern” denotes the general geographical order of
budburst in a common garden: N—S: order of northern to southern origin, H—L: order
of high to low altitude origin, etc. Key to species notes: *evergreen gymnosperm, t
[SAVAS) 24 (STS) =Y g Tes (01S] 0 TS) o o o WO OO 29

Table 2-1: List of study species and their wood anatomy. Family classifications follow
Stevens (2001 onwards). Wood anatomy classifications follow Perkey et al. (1994)........ 56

Table 2-2: Minimum root-mean-square (RMS) error of observed vs. predicted budburst
dates under different model types. The numbers for the SW and CF model represent the
lowest error rate (i.e. best fit) of the 1,000 sets of parameters in each species’ MCMC
chain from the previous sections. The ‘Photoperiod” model assumes that budburst
happens on the same day eVery year. ... 81

Table 3-1: Key to species codes and seed origins. Each code represents a unique
combination of species and seed origin. Seeds from Duke Forest, Harvard Forest and
Whitehall Forest were collected by project personnel or recruited directly into chambers.
Other seeds came from commercial sources, either Sheffield’s Seed Company (Sheff) or
the US Forest Service (USFS). The ‘where grown’ column lists which experimental sites
different seed types were grown in (DF: Duke Forest, HF: Harvard Forest)..................... 98

Table 3-2: Sensitivity of seed germination date to different treatments. The first four
columns of numbers report responses of the first treatment in units of days relative to
the second treatment. As an example, the first entry means that red maple germinated
40.7 days earlier in Duke Forest than in Harvard Forest. The last two columns show the
per-degree shift of germination relative to unheated chambers in the two heated
treatments. Abbreviations: DF: Duke Forest, HF: Harvard Forest. Significance codes: 0 <
% <0.001 <**<0.01<*<0.05<.<0.1. Full regression tables for each species are found
N the aPPENAIX....cviiiiiieiiic s 103

Table 3-3: Sensitivities of budburst date to different treatments. The first four columns
of numbers report responses of the first treatment in units of days relative to the second
treatment. As an example, the first entry means that red maple burst bud 22.7 days
earlier in Duke Forest than in Harvard Forest. The last two columns show the per-
degree shift of budburst relative to unheated chambers in the two heated treatments.

xi



Abbreviations: DF: Duke Forest, HF: Harvard Forest. Significance codes: 0 <*** <(0.001 <
**<0.01 <*<0.05<.<0.1. Full regression tables are found in appendix A. ................... 105

Table 3-4: Sensitivities of senescence date to different treatments. The first four columns
of numbers report responses of the first treatment in units of days relative to the second
treatment. As an example, the first entry means that red maple senesced 19.1 days later
in Duke Forest than in Harvard Forest. The last column gives the effect of an additional
centimeter of height on senescence date. Abbreviations: DF: Duke Forest, HF: Harvard
Forest. Significance codes: 0 <*** <0.001 <**<0.01 <*<0.05<.<0.1. Full regression
tables are found in AppendiX A.........ccooiiiiiiii s 106

Table 3-5: The relationship between germination date and total height growth during the
first growing season. The negative coefficients indicate that earlier germinating plants
grew taller. Significance codes: 0 <***<0.001 <**<0.01 <*<0.05<.<0.1..ccccerrrrrrurueee. 116

xii



List of Figures

Figure 1-1: Mean and standard deviation for 20 temperate woody species’ phenological
dates. The left panel shows spring budburst and the right panel depicts autumn leaf
senescence. Each point corresponds to a single species (or ontogenetic phase within a
species) over the course of 18 years. Open symbols correspond to species with wide
xylem vessels, and closed symbols are narrow-vesseled species. ..........ccccccvvuvueuiiniriiiinnnnes 9

Figure 1-2: Simulated changes in budburst date as a function of overall increase in
temperature (solid line) for a hypothetical tree requiring only a fixed accumulation of
degree-day exposure to undergo budburst. See text for details of simulation. The
straight dashed line shows the projection that would result if the trend seen over the
first two degrees of warming was extrapolated linearly to warmer temperatures. The
dotted line shows average temperature during the 14 day window following modeled
DUADUISE. <.ttt 20

Figure 1-3: Winter and spring day length as a function of date for three locations in the
eastern deciduous biome of North America. Relative to southern locations, northern
sites have shorter days during the winter and longer days during the spring and
summer. Day length is the same everywhere on the spring equinox, March 20 in most
years. Numbered and lettered points illustrate discussion in text. .........cccceceveivriicinnns 23

Figure 2-1: The relative difficulty of recovering parameters from data simulated under
the SW model under various circumstances. 1A: RMS error of variance recovery as a
function of variance parameter used in simulations. Variance parameter values are
generally most recoverable when this parameter’s value is small. 1B: Start date recovery
error when simulated start date is in mid-winter (range shown equivalent to 10 Dec — 10
February) and threshold temperature is between 5 and 10°C. Under these
circumstances, startdate recovery is never particularly good. 1C: Recovery of parameter
thresh typically becomes easier as it takes on larger values. ..., 57

Figure 2-2: The relationship between recovery of the thresh and startdate parameters
under the SW model. Even when startdate was difficult to recover (high error values), it
was possible to recover thresh under some circumstances. ...........cccccoveiiiniiinniiciennns 60

Figure 2-3: Predictive error between observed and predicted budburst dates as a
function of parameters used in data simulation. Fit for variance: R?=.74, p<.001............. 61

xiii



Figure 2-4: Advancement in days of budburst date due to 5°C warming above 20th
century conditions as a function of different parameter values under the SW model.
Lines show correlations with p<.05. However, all R? values were below .03.................... 62

Figure 2-5: The width in days of the 95% central range of projected budburst dates from
simulated data under the SW model. “Amberr” refers to dates projected under 20th

century temperatures, while “hoterr” refers to error in projected dates with 5°C added to
the same temperature data. ..........cccoeciviiiiiiiiiiii 63

Figure 2-6: All parameters used in simulation of data under the CF model (x-axes)
plotted against recovery errors of all parameters. Lines indicate correlations with p<.05.

Figure 2-7: The relationship between parameters used to simulate data under the CF
model and RMS error of budburst predictions. The line for the variance term represents
a significant correlation with p<.001 and R?=.57........ccccccceeviviniiinnniiniiiiiiiicciieccne 67

Figure 2-8: Sensitivity of budburst date to 5°C warming above 20th century conditions
as a function of parameter under the CF model. Lines indicate correlations with p<.05.69

Figure 2-9: The width in days of the 95% central range of projected budburst dates from
simulated data under the CF model. “Amberr” refers to dates projected under 20th

century temperatures, while “hoterr” refers to error in projected dates with 5°C added to
the same temperature data. ..........cccceciviiiiiiniiiiii 70

Figure 2-10: Median parameter estimates (horizontal bars) and 95% credible intervals
(vertical bars) for posterior distributions of parameters under the SW model. Parameter
ranges are truncated for clarity. For species without visible values for the threshold
temperature, the entire credible interval falls below the truncation at -11°C. Species
with codes written in black have ring-porous wood anatomy. Species with grey codes
are diffusSe-POTOUS. ...c.cuiiiiiiiiicicci e 73

Figure 2-11: Projected budburst dates for 13 tree species under 20th century and
elevated (20th century +5°C) temperatures under the SW model. Horizontal bars show
mean budburst dates. The black bars correspond to 20th century climate and the grey
bars to the warmer scenario. Vertical lines show the 95% central range of budburst date
values associated with model parameter uncertainty. Species codes written in black
indicate ring-porous wood. Species with gray codes are diffuse-porous............c.cccc.c... 75

xiv



Figure 2-12: Temperatures during the two weeks following budburst for 13 tree species
under 20" century and elevated (20" century +5°C) temperatures under the SW model.
The black bars correspond to 20 century climate and the grey bars to the warmer
scenario. Horizontal bars show mean post-budburst temperatures, and vertical lines
show the 95% central range of post-budburst temperature associated with model
parameter uncertainty. Species with codes written in black have ring-porous wood
anatomy. Species with grey codes are diffuse-porous..........cccccccvuvviiniiiinniicniniicns 76

Figure 2-13: Median parameter estimates (horizontal bars) and 95% credible intervals
(vertical bars) for posterior distributions of parameters under the CF model. Parameter
ranges are truncated and ff, gg, and hh are plotted on a log scale for clarity. For species
with no visible values for the chilling threshold (ct), the entire credible interval falls
above the truncation at 31°C. Species with codes written in black have ring-porous
wood anatomy. Species with grey codes are diffuse-porous. ..........cccccceevvviiiininiiccnnns 79

Figure 2-14: Projected budburst dates for 13 tree species under 20th century and elevated
(20th century +5°C) temperatures under the CF model. Horizontal bars show mean
budburst dates. The black bars correspond to 20th century climate and the grey bars to
the warmer scenario. Vertical lines show the 95% central range of budburst date values
associated with model parameter uncertainty. Species with codes written in black have
ring-porous wood anatomy. Species with grey codes are diffuse-porous. ..............c.c..... 82

Figure 2-15: Temperatures during the two weeks following budburst for 13 tree species
under 20th century and elevated (20th century +5°C) temperatures under the CF model.
The black bars correspond to 20th century climate and the grey bars to the warmer
scenario. Horizontal bars show mean post-budburst temperatures, and vertical lines
show the 95% central range of post-budburst temperature associated with model
parameter uncertainty. Species with codes written in black have ring-porous wood
anatomy. Species with grey codes are diffuse-porous...........ccceviiviniiiiniiinniiiinn, 83

Figure 3-1: Three scenarios for phenological responses of trees to climate change. The
solid line represents “ambient” temperature (in this case it is the 20th century daily
average temperature for Champaign, Illinois). The dashed line is a simple warming
scenario in which 5°C is added to the baseline temperature. The dot represents the date
and temperature (~15°C) of budburst under the ambient scenario. The three numbered
arrows show possible response scenarios that are detailed in the text: 1) under-
compensation, 2) over-compensation, and 3) tracking of temperature changes. .............. 91

Figure 3-2: A cartoon of light availability to canopy and understory plants in a generic
temperate forest understory. Understory plants have more to gain from growing season

XV



extension in the spring than in the fall. This is because spring (left shaded area) occurs
closer to the summer solstice when above-canopy light is brighter and shading by
branches and trunks is smaller than during the fall (right shaded area).........c.ccccc.......... 92

Figure 3-3: Phenological variability is a potential source of adaptation to changing
climate, even if the population-level mean response is incorrect. This figure illustrates
this principle for budburst date. In Scenario A, the range of phenological dates within a
population (horizontal line) doesn’t shift early enough to track the optimal phenological
date (open circle). In Scenario B, the optimal dates remain the same, and so do the
midpoints of the budburst date distribution. However, the wider date distribution
means that some plants break bud near the optimal date under the warmer scenario....93

Figure 3-4: Mean daily air and soil temperatures in example chambers at the Duke
Forest warming site relative to average ambient chamber temperature in the same
canopy cover treatment. The solid line is a chamber targeted to +5°C and the dotted line
is a chamber targeted to +3°C. Horizontal dotted lines show 3° and 5° C....................... 102

Figure 3-5: Senescence date as a function of plant height for white oak seedlings from
local seed in the warmest (+5°C) understory chambers in Duke Forest. Dashed lines
represent regressions through the 10%, 50% and 90% quantiles of plant height. ........... 107

Figure 3-6: Mean temperature during the 14 days following germination for species

growing in the DF chambers. Solid dots are plants from the forest understory, and open
circles are from the gap. Only temperature/light treatment combinations with at least 10
plants are shown. Error bars show standard errors...........ccooeiviiviiininininieiceee, 109

Figure 3-7: Mean temperature during the 14 days following germination for species
growing in the HF chambers. Solid dots are plants from the forest understory, and open
circles are from the gap. Only temperature/light treatment combinations with at least 10
plants are shown. Error bars show standard errors............ccccoeeiviviiinniinniicnnnnen 110

Figure 3-8: Range of germination dates (5% to 95% quantiles) as a function of soil
temperature treatment for five species grown in Duke Forest. The solid lines refer to the
forest understory, and dotted lines to the gap. The corresponding points show the
‘ideal” date of germination based on temperatures following germination in ambient
ChamMDbETS. ..o 112

Figure 3-9: Range of germination dates (5% to 95% quantiles) as a function of soil
temperature treatment for five species grown in Harvard Forest. The solid lines refer to
the forest understory, and dotted lines to the gap. The corresponding points show the

Xvi



‘ideal” date of germination based on temperatures following germination in ambient
ChAMDETS. ...t 113

Figure 3-10: Number of days between reaching spring phenology stages 3 (budburst)
and 5 (fully expanded but unhardened leaves) as a function of air temperature during
the two weeks following budburst. The line is a least squares fit to the data................. 115

XVvii



Acknowledgements

This dissertation was only possible with the help of many, many people. I would
first like to thank my advisor, Jim Clark, and my committee members Alan Gelfand, Rob
Jackson, Michael Levine, Jerry Melillo, Bill Morris and Justin Wright.

I was fortunate to have grown up in an environment where science was a normal
pursuit and my nerdy passions were encouraged to the extent that I didn’t set anything
on fire. For having supported my interest in science from such an early age, I would like
to thank my mother, Martha (the first plant ecologist I ever met), my father Gary, and
my brother Ted. My hometown, Oak Ridge, Tennessee was essentially founded on
science, and my eccentric upbringing went well beyond my immediate family. At Oak
Ridge High School, I studied under three legendary teachers, Benita Albert, Fred
Holtzclaw and Gene Pickel whose lessons transcended the academic and continue to
influence me to this day.

My first two years at the University of Illinois were spent adrift in a sea of
engineering students and pre-meds. I am eternally grateful to Carol Augspurger and
John Cheeseman for rescuing me and turning me into a scientist. The field trips they led
imparted an experiential vision of ecology, in which my own interaction with nature

was the basic inspiration for science. I am particularly indebted to Carol for sharing her

xviii



data, which is included in parts of Chapters 1 and 2 of this dissertation, and for her
subtle encouragements to keep sight of life’s bigger picture.

Several mentors in non-university settings have helped broaden my career
perspective. In particular, I would like to thank Seth Bigelow of the US Forest Service,
Jay Roop of the Asian Development Bank, and Matthias Jonas of the International
Institute for Applied Systems Analysis.

The experimental warming data in Chapter 3 was only available because of the
hard work of dozens of collaborators on the “Hot Plants” project. This research was
funded by a grant to Jerry Melillo, Jim Clark and Jackie Mohan from the Department of
Energy. Turning grant money into two forest-based Rube Goldberg machines was a
Herculean task filling most of two years. Much of it was coordinated by our engineer,
Frank Bowles, who taught me innumerable practical skills, including how to speak
Plumber and Electrician. Construction and data collection at Harvard Forest were
spearheaded by Sarah Butler, Chelsea Vario, Troy Hill, Rose Smith and Lindsay Scott.
The small but efficient staff of Duke Forest, Judd, Marisa, Beverley, Mike and George,
was critical to construction of our local field site. The uncountable herd of Clark Lab
technicians helped build and maintain the infrastructure, and collect plant data. With
apologies to the dozens left off this list, I would like to thank two in particular. Lauren
Nichols never wanted to be a plumber when she grew up, but persevered through the

Great Leak Forward and many other indignities of construction work. This project

Xix



would not have happened without her persistence and attention to detail. Ben Vierra
took over management of the site and ran it smoothly as I was increasingly sidelined to
write my dissertation. I've never ceased to be amazed by his calm, cheerful, efficiency,
even when sleep-deprived by his infant daughter. Lauren and Ben: I owe a large part of
this dissertation to your efforts.

In addition to the DOE grant mentioned above, I was supported by many
funding sources. These include a National Science Foundation Graduate Research
Fellowship, the James B. Duke and Tysor Endowed Fellowships from Duke University, a
Sigma-Xi Grant-in-aid, and various funds from the Duke Biology Department. I am
particularly grateful to the Young Scientists Summer Program at the International
Institute for Applied Systems Analysis. There I completed much of Chapter 2, and
would like to thank them for awarding me the 2010 Peccei Scholarship for this work.

Finally, I would like to thank my friends, at Duke and elsewhere, who supported

me through six stressful years of grad school.

XX



1 What cues induce temperate deciduous trees’ leaf
budburst and senescence? A review of experimental
and modeling evidence.

1.1 Introduction

Shifts in the timing of plants” annual leafing cycles, also known as phenology, are
a clear signal that global changes are affecting ecosystems (Parmesan and Yohe, 2003).
The length of deciduous trees’ leafy season places an upper limit on how much carbon
they can fix in a year (Leinonen and Kramer, 2002; Nemani et al., 2003), with
consequences for atmospheric CO:z concentration and payments for ecosystem services
programs. Because temperatures worldwide are nearly certain to increase over the
coming century (IPCC, 2007) it is very likely that deciduous trees will have leaves for a
larger fraction of each year. However, temperature increases are expected to be uneven
across the year in most locations (IPCC, 2007), and trees respond differently to
temperature signals in different seasons. Understanding which cues determine when
trees grow and drop their leaves is of basic importance to understanding the forest
community dynamics and carbon sequestration capacity in the coming century. This
chapter reviews what is currently known about the environmental cues for tree leafing
phenology and interprets these results in the context of climate change.

Because seeds disperse far slower than the current northward march of climatic

zones (McLachlan et al., 2005; Loarie et al., 2009) and forest trees can live for centuries,
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climate change will favor individual trees with the phenotypic plasticity to adjust to new
conditions. Under a warmer climate, it will remain necessary to minimize frost damage
while maximizing growing season length, but the balance between these constraints will
change. Newly emerged leaves are particularly frost sensitive, so late freezes can impact
population structure and even the evolutionary trajectory of species (Augspurger, 2009).
This is particularly important for understory plants that rely on an early-spring window
of light for most of their annual carbon uptake (Augspurger, 2008; Lopez et al., 2008;
Kwit et al., 2010). It is a distinct, although counterintuitive, possibility that warmer
temperatures will lead to an increase in frost risk for some species (Hanninen, 1991; but
see Bennie et al., 2010).

Accurate projections of phenology have an important role in projecting
ecosystem and community level responses to climate change. While models exist that
purport to retrospectively predict budburst, this is not the same thing as a mechanistic
understanding of budburst cues (Saxe et al., 2001). Phenological time series show clear
trends toward earlier budburst, but extrapolating such trends into the future is
dangerous (Ibanez et al., 2010). The confidence of phenological forecasts will be
strengthened by an understanding of the cues that induce budburst and senescence.

The purpose of this chapter is to review what is currently known about the leaf

phenology cues of temperate deciduous trees, and how these species are likely to



respond phenologically to climate change. To achieve this end, the question of what
exactly is optimal phenology is first considered. Because they are biologically very
different processes, budburst and leaf senescence are treated in separate sections.
Within both sections, a comprehensive review of observational and experimental
evidence is presented. In addition, the budburst section critiques some unrecognized
pitfalls of phenological modeling, and highlights results from common garden studies,
an under-appreciated source of information on phenological cues and trees’ climate
responses. Finally, this chapter will consider what types of species are most likely to
remain phenologically adapted to a warmer climate, and suggests research directions to

solidify regions of shaky understanding.

1.2 What is optimal phenology?

The basic function of leaf phenology is to maximize CO: fixation while
minimizing tissue damage due to unfavorable environmental conditions. In temperate
trees, this means maximizing growing season length while avoiding frost damage.
Before examining this problem in detail, it is necessary to first clarify what is meant by

growing season length.

1.2.1 Definitions of growing season length

7

There are two different, but equally valid, meanings of a plant ‘growing season

used in the phenological literature, which in turn are different from strictly



meteorological measures such as the frost free season (e.g. Kunkel et al, 2002). The first,
and most literal, definition is the period when twigs are actively elongating (e.g.
Chmura and Rozkowski, 2002) and is typically used by foresters. This period begins
with budburst and ends when growth ceases, typically when new buds for
overwintering are formed. The second definition is the period when trees have green
leaves, and a potential positive carbon balance (e.g. Kramer, 1995). This is the sense of
the phrase usually employed by ecosystem ecologists. It also begins at budburst, but
ends later, when leaf coloration begins. Because of its relevance to plant- and
ecosystem-level carbon fluxes, I adopt the ‘period with green leaves’ definition in this

chapter.

1.2.2 Tradeoffs in optimal phenology

The timing of spring budburst in temperate regions is an evolutionary tradeoff
between frost avoidance and photosynthesis. Premature budburst is dangerous because
young, unhardened, leaves are particularly susceptible to frost damage (Sakai and
Larcher, 1987). Conversely, late leaf-out leaves less time for photosynthesis. Although it
is obvious that buds should burst soon after the last damaging temperatures have
passed, trees have no guarantee that another frost won’t occur. Hitting the phenological
bulls-eye requires a mechanism that promotes growth when sustained warm

temperatures are reached while avoiding false starts during mid-winter thaws.



Fall phenology is a similar tradeoff between a long growing season and recovery
of nutrients before leaves are dropped (Marchin et al., 2009). However, it is subject to
subtle differences from spring phenology. Mature leaves are more resistant to frost
damage than developing leaves (Sakai and Larcher, 1987). While old leaves represent a
larger investment than emerging leaves, this may largely be a sunk carbon cost with
nitrogen being the key recoverable resource (Norby et al., 2000).

Equivalent changes in budburst and senescence dates have equal impacts on
growing season length, but some changes are more equal than others. For reasons of
astronomy and leaf physiology, changes in spring phenology have a greater influence on
seasonal carbon uptake than a shift of the same number of days in the fall. First, because
of the long lag time in seasonal heating and cooling of the earth’s atmosphere, leaves
emerge much closer to the summer solstice than they are senesced. This means that
days are longer and the sun is higher in the sky during the early growing season than in
the late season. Each additional day in the spring brings far more potential light
interception than an additional fall day (Harrington et al., 1989; see Figure 3-2 in Ch.3).
Second, leaves degrade as they age, reducing their capacity for photosynthesis
(Augspurger et al., 2005), acting to further reduce the potential for additional carbon

uptake in autumn.



It is important to note that bursting bud too early is not an unrecoverable error.
Most temperate trees can grow a new flush of leaves if the first set is destroyed by frost
or insects (e.g. Augspurger, 2009). The cost of re-growing leaves is obvious, but may
occasionally be worthwhile for a species that aggressively maximizes growing season
length via early budburst. Indeed, there is clear evidence that species differ in their
budburst conservatism. In an old growth forest in Poland, Wesolowski and Rowinski
(2006) showed that over nine years, five species always leafed out in the same order, in

spite of interannual variation in budburst dates of up to three weeks

1.2.3 A working definition of optimal phenology

Earlier leaf growth and later leaf drop are probably beneficial in a warming
climate. This flexibility in an unpredictable environment is the basic reason for
interannual phenological variability. However, whether observed shifts in phenology
are optimal reactions to a warmer environment is a tricky question. The simplest
answer is that leaves should be born into roughly the same temperature environment
every year. In other words, the average temperature in the period following budburst
should ideally remain constant. A decreased temperature in this period would suggest
an over-reaction to warmer temperatures, while a warmer post-budburst window
means some photosynthetically favorable weather has been lost. Similarly, the

temperature preceding senescence should be about the same every year. However, this



answer could be further nuanced by including frost danger posed by increasing
variability of weather and frequency of extreme events (Schar et al., 2004) and may have

to be refined as climate forecasts are better understood.

1.2.4 Within-species phenological diversity and climate resilience

The onset of spring growth also varies within species. When grown together,
plants of different provenance burst bud at different times (section 1.4.3). Even within
an apparently homogeneous site, certain trees consistently burst bud earlier or later than
their conspecifics (C.K. Augspurger, unpublished data); this variation is known to have
a heritable basis (Nienstaedt, 1974; Keller et al., 2011). Such apparent complications are
actually critically useful. Ecotypic variation can aid understanding of species’
phenological cues, and its patterns of expression in common gardens inform this study.
It also serves as a critical source of diversity in the face of climate change. Phenological
stage during exceptional frost events is a determinant of plant damage and survival, and
diversity in this respect is a source of evolutionary resilience to climate change, lessening

the chance of local extinctions (Augspurger, 2009).

1.2.5 Correlates of phenological conservatism

The phenological balancing act between frost and photosynthesis is only one of
many strategic tradeoffs that trees make. There is some suggestion that large-statured,

late-successional species are more phenologically conservative, and are limited, possibly



by photoperiod, in how early they can burst bud regardless of temperature (Kérner and
Basler, 2010a). If true, these species’ responses to climate change may be relatively
muted.

Another trait correlated with phenological conservatism is xylem anatomy. Itis
well established that wide-vesseled (typically ring-porous) trees burst bud later and
senesce leaves earlier than narrow-vesseled species with which they co-occur (Wang et
al.,, 1992). In light of the previous two points it is reasonable to expect that narrow-
vesseled species would show more temperature sensitivity, and thus more interannual
variability, in their phenological dates. To test this hypothesis, I calculated the mean
and variance for leafing and senescence dates in 20 woody plants (species, or
ontogenetic stages within species) using data collected from 1993-2010 by Carol
Augspurger in Trelease woods near Urbana, in central Illinois (for details see
Augspurger and Bartlett, 2003). Figure 1-1 shows a complete lack of temperature
sensitivity differentiation between wide- and narrow-vesseled species for spring or fall
events. However, these data do confirm the xylem anatomy patterns of late spring

budburst, but not early fall senescence, from Wang et al. (1992).
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Figure 1-1: Mean and standard deviation for 20 temperate woody species’
phenological dates. The left panel shows spring budburst and the right panel depicts
autumn leaf senescence. Each point corresponds to a single species (or ontogenetic
phase within a species) over the course of 18 years. Open symbols correspond to
species with wide xylem vessels, and closed symbols are narrow-vesseled species.



1.3 Spring phenology
1.3.1 Possible cues for budburst

In determining when to burst bud, species clearly balance environmental
information in different ways, and may not all use the same cues. The recent literature
has shown considerable disagreement about the drivers of spring phenology in trees
(Korner and Basler, 2010b; Chuine et al., 2010). Three cues are widely thought to play a
role in triggering budburst: spring warmth, light, and winter chilling. The latter two
cues can be thought of as “safety mechanisms’ to prevent premature budburst during
winter warm spells. Other cues considered in previous studies include water
availability (Hwang, in press), the previous year’s weather (Doi and Katano, 2008), and
CO:z concentration (Norby et al., 2003). Because there is little research into these three
factors, and because the available findings suggest they have minimal effects on

budburst timing (e.g. Morin et al., 2010), they are not considered further.

1.3.1.1 Spring warmth

Warm spring temperatures are the most obvious cue for budburst. Nearly all
biophysical processes accelerate at higher temperatures. Of particular relevance to
spring phenology are root water uptake for transpiration and carbohydrate

translocation, and photosynthetic capacity, both of which show a clear positive
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temperature sensitivity in the range of springtime weather (Meyer and Anderson, 1937,
pp-280-2; Berry and Bjorkman, 1980).

The hastening of plants” annual events by warm weather has been recognized for
hundreds of years. Réaumur (1735) noted that grape and wheat harvests in France
occurred a month later than usual in an especially cold year. This observation is
particularly remarkable as it came when scientists were trying to understand how to use
the newly invented thermometer. Multiple lines of evidence from modern studies
concur with this observation.

Multi-decade trends toward earlier spring onset of plant activity concur with the
general warming pattern (Parmesan and Yohe, 2003). Such trends have been observed
in all major north temperate regions. In a Europe-wide meta-analysis, Menzel and
others (2006) examined more than 64,000 leafing or flowering time series, each covering
at least 15 years between 1971 and 2000. They found that 78% showed a trend toward
earlier dates, of which 38% showed a significant (p<.05) trend. The abundance of
phenological data in Europe is due to many countries having established phenological
gardens as part of their meteorological services. Similar observations have been
collected with weather records in Japan and South Korea since around 1950. Ibafiez and
others (2010) examined these records for four tree and shrub species and found that all

showed a trend toward earlier leafing at a majority of meteorological stations for which
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data were available. North American weather services do not have a tradition of
collecting phenological data, but recent work to uncover records from herbaria and
amateur naturalists may help to fill this gap (Miller-Rushing et al., 2006).

Correlations between spring temperatures and phenological observations
suggest that trends toward earlier budburst are due to a warming climate. Doi and
Katano (2008) found that four woody species in Japan showed a negative correlation
between spring temperature and budburst date. Similar results have been found for
common tree species in Germany (Menzel, 2003) and France (Lebourgeois et al., 2010).
Such correlations are helpful in demonstrating that increasing temperatures will lead to
earlier springs, but extrapolating these studies into the future is fraught with the usual
problems of extension beyond the range of data. If, as in these studies, temperature
during a fixed window is used as a predictor, warm enough temperatures will lead to
events occurring during or before their supposed cues (Gienapp et al., 2005). Ultimately,
a more mechanistic approach is needed to modeling budburst dates.

Manipulative field studies are among the most robust source of inference on
phenological sensitivity to warmer temperatures. Norby et al. (2003) found that
warming air by 4°C had idiosyncratic effects on leaf development of Acer rubrum and A.
saccharum. In one year, both species were delayed under warmer temperatures, possibly

because of frost damage to de-hardened buds in warmer chambers, while in the two
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subsequent years, budburst happened earlier in the warm treatment. Morin et al. (2010)
report that three Quercus species show an advance of budburst date with 1.5 °C
warming. An additional 1.5 °C warming (to a total of 3.0 °C above ambient) led to an
additional advancement of budburst slightly smaller than the initial effect. However,
these results are difficult to interpret because they appear to be averages of one year of
germination data and two years of true vegetative budburst.

Given the observational and experimental results summarized above, it is
unlikely that any tree species is completely insensitive to increasing spring
temperatures. All mechanistic budburst models include some temperature effect,
ranging from degree-day sums (Wang, 1960) to increasingly complex formulations that
involve tradeoffs between winter chilling and spring warmth (Cannell and Smith, 1983;
Chuine, 2000), and to the conclusion that earlier budburst will be an important

consequence of global warming (Walther et al., 2002).

1312 Light

The role of light in phenology is complex. Light is the basic commodity that
leaves must acquire, so some influence of irradiance on budburst timing is to be
expected. Day length changes with time of year (Figure 1-3), and thus could act as a

safety mechanism to prevent premature budburst during winter warm spells. However,
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the correlations among day length, night length and red to far-red ratios complicate the
search for the proximate cue.

Growing season light availability can directly influence the timing of spring
budburst. Dim understory light while canopy trees have leaves shifts the tradeoff
between light interception and frost avoidance to an earlier date. Understory seedlings
enjoy a brief light subsidy when they burst bud before canopy trees (Augspurger et al.,
2005). McGee (1976) found that the date of budburst for Quercus rubra and Q. coccinea
seedlings depended upon their light environment during the previous growing season.
Plants acclimated to the understory broke bud 9 days earlier than those adjusted to
bright light, regardless of where they were growing in the current year. The following
year, the same plants broke bud much earlier in the understory than in the gap,
regardless of where they had developed two years before. However, it is difficult to say
whether these effects are due to total light level, or to light spectral quality.

During the spring, day length increases while night length decreases. Although
night length can be the cue that directly impacts the phytochrome system (Smith and
Whitelam, 1990), I nonetheless follow convention in the phenological literature and
collectively refer to these cues as ‘photoperiod.” Twilight red to far red ratios (R:FR) also

follow predictable patterns with day length (Linkosalo and Lechowicz, 2006).
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Short photoperiods (or their correlates) may inhibit budburst during
unseasonably warm winter weather. Kramer (1936) showed that three tree species from
different families (Liquidambar styraciflua, Quercus rubra [known as Q. borealis at that
time] and Liriodendron tulipifera) all showed a similar acceleration of budburst with
increasing photoperiod under otherwise identical conditions. Modern studies have
expanded the list of species showing this response. Heide (1993a,1993b) found that long
days hasten budburst for stems excised during the winter from Scandinavian species of
Betula, Prunus, Populus, Alnus, Corylus, and Fagus. However, this response is not
universal. Sorbus aucuparia (Heide, 1993a) and six species of Ulmus (Ghelardini et al.,
2010) are indifferent to changes in photoperiod. In a widely-cited study, Kramer (1994)
found that adding photoperiod to budburst models of Fagus grandifolia (the same species
used in the Heide (1993b) study) led to worse predictions. This paradoxical result may
actually reflect the difficulty of finding optimal parameter values for complex models,
particularly with the computational power available ~20 years ago.

At least one experimental study has directly demonstrated the effect of R:FR on
phenology. Betula pendula bursts bud on average four days earlier when grown under
reduced twilight R:FR compared to a constant R:FR treatment throughout the day
(Linkosalo and Lechowicz, 2006). The reduced twilight R:FR ‘treatment” mimics

unshaded outdoor conditions, and the constant R:FR treatment is unlike anything found
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in nature. This underscores the complexity of light effects on plant phenology, and
suggests that manipulative warming experiments using infrared heaters, which give off
some light in the critical FR spectrum, may provoke phenological reactions that are not

representative of climate change responses.

1.3.1.3 Winter Chilling

A chilling requirement, similar to photoperiod, may act as a safety mechanism to
prevent premature budburst. In a remarkably broad study, Howard (1910) studied
warmth responses of nearly 300 woody species from temperate North America, Europe
and Asia growing in the botanical garden in Halle, Germany. He cut twigs from these
plants on two occasions, in late fall (around 1 November) and mid-winter (around 9
January). Cut twigs were placed immediately in a warm greenhouse and regularly
observed for signs of budburst. About half of the species showed slower bud expansion
when collected in November than when collected in January, suggesting an unfulfilled
chilling requirement. In the intervening century, similar studies (e.g. Sarvas, 1974) have
added details to these results, but the basic findings remain unquestioned: many, but not
all, species’” excised twigs burst bud faster following chilling exposure. These types of
results have lead many authors to infer chilling requirements in other species from

observational datasets. However, whether these supposed chilling requirements are in
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fact due to chilling or photoperiod may be difficult to determine without manipulative

experiments.

1.3.1.4 Interactions among cues

It is extremely unlikely that any of these cues discussed above is the sole driver
of spring phenology for any tree species. Further, it is important to recognize that in
most cases, the evidence presented for particular cues does not preclude influence of
other cues. If a species used photoperiod as its sole determinant, budburst would
happen on the same day every year, at least within a local area, and certainly for an
individual tree. This is not the case in any dataset I am aware of. Chilling alone would
lead to maladaptively early budburst during long, cold winters. Even spring warmth by
itself is an insufficient cue. Some mechanism is needed to prevent buds from bursting as
soon as they are formed in late summer.

Identifying which set of cues triggers budburst is not the only step to
understanding when spring growth begins. The ways in which cues interact are just as
important. Interactions should have a form that helps plants mediate the frost risk-
photosynthesis tradeoff. There are at least two different ways this could work. One is a
continuous tradeoff between cues experienced by a tree. For example, budburst could
occur when an additive combination of chilling and warming reaches a threshold. Thus,

with greater exposure to one cue, less of the other is required. The tradeoff could be
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non-linear so that in practice, one cue alone is never sufficient to induce budburst. These
interactions could also take the form of a threshold in which one cue (chilling,
photoperiod, or a combination of the two) must reach a critical level before a plant
becomes receptive to a second cue (almost certainly warm temperatures). As long as
these combinations are stabilizing, they would tend to prevent extreme early or late
budburst dates.

Many different functional forms have been suggested for the contribution of
different temperatures toward satisfying this requirement. These range from a strict
cutoff below which chilling exposure accumulates uniformly (Cannell and Smith, 1983)
to an optimum temperature, above or below which chilling accumulation quickly drops
off (Hanninen, 1990). These patterns are further complicated in that chilling
accumulation may be reversed under some circumstances, possibilities that are

reviewed in Saxe et al. (2001).

1.3.1.5 Are safety cues needed to explain nonlinear phenological responses?

While interactions among cues may explain non-linear phenological responses to
temperature increases, they are not an exclusive explanation. A recent field-based study
observed non-linear responses to experimental warming, with additional temperature
increments providing a smaller advancement of budburst than previous increments

(Morin et al., 2010). Two explanations were offered: (1) a chilling requirement that is
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decreasingly satisfied at warmer temperatures or (2) a saturating effect of temperature
on physiological processes like cell growth (Morin et al., 2010). Either or both of these
explanations may be correct. However, neither of these is necessary to explain nonlinear
temperature sensitivity of phenology; in fact, linear responses of budburst date to
temperature may be nearly impossible under currently understood phenological
models. To illustrate this point, I simulated budburst dates for the years 1993 to 2010 for
a hypothetical tree growing in Champaign, Illinois, USA. This tree follows the simplest
plausible budburst response, often called the ‘spring warming” model (Hunter and
Lechowicz, 1992). This hypothetical tree bursts bud according to an arbitrarily chosen,
but plausible, set of parameters: exposure to 175 degree-days above 5 °C with
accumulation starting on 1 March. The resulting budburst dates show progressively
smaller per-degree shifts with increasing temperature (Figure 1-2). This is because as
the date of budburst becomes closer to the starting date, the amount of warming
required to advance attainment of the target degree-day sum by an additional day
becomes ever larger. However, even though this is traditionally viewed as a warmth-

only model, it must still rely on some cue to set its starting date.
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Figure 1-2: Simulated changes in budburst date as a function of overall increase in
temperature (solid line) for a hypothetical tree requiring only a fixed accumulation of
degree-day exposure to undergo budburst. See text for details of simulation. The
straight dashed line shows the projection that would result if the trend seen over the
first two degrees of warming was extrapolated linearly to warmer temperatures. The
dotted line shows average temperature during the 14 day window following modeled
budburst.
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1.3.2 Budburst patterns from common garden experiments

Because phenology is a heritable trait (Nienstaedt, 1974; Keller et al., 2011),
population-level timing of leaf growth can adapt to local climate. Common garden
experiments in which plants from different parts of a species’ range are grown together,
and their phenological responses tracked, have been published for at least 20 temperate
species (Table 1-1). Such studies are an overlooked source of insight into which
phenological cues apply to different species. They also provide difficult-to-obtain
insight into how different species may respond to climate change. Experiments making
use of elevation gradients may be particularly valuable in helping to untangle effects of
cues such as photoperiod and temperature that are correlated across latitude. To aid the
interpretation of these results, I first outline how different cues vary with latitude and

altitude.

1.3.2.1 Geographical patterns of cues

1.3.2.1.1 Spring warmth

Gradients in this cue are obvious and familiar. Temperatures decrease steadily
toward the poles and with increasing altitude. However, the implications of these
patterns may be more subtle. A seedling whose budburst requires only a fixed number
of degree-days would burst bud later when planted at increasing latitude and altitude.
However, local adaptation among native populations of this hypothetical species would

likely lead to differentiation in thermal requirements. Thus, in a common garden, trees

21




from different populations would not be expected to burst bud at the same time. In
warm temperate areas, a brief period of warmth is not a reliable indicator of spring. In
these climates, warm periods can occur at any time while in northerly continental
climates, the onset of meteorological spring is typically a more clear-cut and predictable
phenomenon (Korner and Basler, 2010). Thus, high latitude populations may have a
smaller degree-day requirement, and would be the first to burst bud in a common

garden.

1.3.2.12 Chilling

The duration and severity of cold temperatures also follow familiar patterns,
increasing with latitude and elevation. However, the poorly understood specifics of
how chilling promotes receptiveness to warm temperatures (discussed above) may
complicate plants” responses to these simple patterns. Nevertheless, a basic expectation
is that cold-origin populations will have a greater chilling requirement, leading to later

budburst of high latitude and altitude genotypes in common gardens.

1.3.2.1.3  Light

Photoperiod and red to far-red ratio (R:FR) are geographically complex variables.
Between the spring and autumn equinoxes, photoperiod increases with latitude. In the
other half of the year, this pattern is reversed (Figure 1-3). Thus, a hypothetical plant
initiating degree-day accumulation once a critical day length is reached would show

opposite latitudinal transplant responses depending on whether this critical level occurs
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before or after the spring equinox. A plant with a relatively long (post-equinox) critical
photoperiod, if transplanted pole-ward, would become receptive to warm temperatures
earlier in the calendar year. However, if the same plant had a pre-equinox critical

photoperiod, degree-day accumulation would begin earlier when transplanted to the

north.
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Figure 1-3: Winter and spring day length as a function of date for three locations in

the eastern deciduous biome of North America. Relative to southern locations,
northern sites have shorter days during the winter and longer days during the spring
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and summer. Day length is the same everywhere on the spring equinox, March 20 in
most years. Numbered and lettered points illustrate discussion in text.

These patterns are complex, but their implications for common garden
experiments may still be simple. It is important to bear in mind that for photoperiod to
be an effective local adaptation, it must target different times of the year in different
climates. Thus, in the northeastern USA where spring happens in April-May, a useful
photoperiod would be a very long day (point 1 in figure 1-3). In the southeastern USA,
where budburst begins in early March, a critical photoperiod would be a relatively short
day (point 2 in Figure 1-3). However, when planted in a common garden, the southern
genotype would always reach its critical photoperiod first. This drives the expectation
that for photoperiod sensitive species, a south to north budburst pattern would be seen
in a common garden.

In contrast to these latitude-dependent complexities, there is essentially no
change in photoperiod with altitude.

The R:FR ratio of solar radiation shows different geographical patterns from
photoperiod. The plant photoreceptors active at these wavelengths are known as
“phytochromes’. Phytochrome biochemistry is well characterized, changing between
two dominant forms as a function of relative exposure to light in the red and far red
spectra (Smith, 1995). However, the consequences of this behavior for phenology are

less clear. Due to Rayleigh scattering, shorter wavelengths are preferentially dissipated
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in the atmosphere. R:FR is remarkably constant at Earth’s surface during daylight
hours, and is minimally affected by clouds or fog (Smith, 1994). R:FR decreases during
twilight, when the sun is within 10° of the horizon. The length of twilight increases with
latitude. It also changes throughout the year. At temperate latitudes, it has a bimodal
pattern, with a higher peak at the summer solstice and a lower peak at the winter
solstice. A plant reacting in some way to a critical twilight length would encounter this
cue earlier in the season if transplanted pole-ward, and later if moved toward the
equator (Smith, 1994). However, as with photoperiod, effective local adaptations would
point to different times of the year in different climates, and the same expectation of
south to north budburst patterns in common gardens applies.

R:FR ratios may increase with altitude, shortening the effective twilight period,
due to decreasing air density and a shorter path length of light through the atmosphere,
although I have found no empirical verification of this idea. Whether this effect is

substantial enough to have physiological effects on plants is unknown.

1.3.2.2 The interpretation of common garden results

Interpreting common garden results is further complicated by the possibility of
interactions among multiple cues (e.g. Heide 1993b), and intraspecific variation adaptive
to local conditions (e.g. Perry and Wang, 1960). However, based on the geographical

patterns of cues described above, different results seen in these experiments suggest
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certain conclusions about the phenological safety mechanisms and inherent
conservatism of species.
Budburst of trees in order of decreasing latitude or altitude of origin would
suggest one or more of the following:
1) Decreasing degree-day requirement or threshold temperature with decreasing
temperature of origin.
2) Little or no chilling requirement, or a chilling requirement that decreases with
altitude or latitude of origin (less likely).
In the case of budburst in order of decreasing latitude (but not altitude) of genotype
origin, one additional possibility can be added to this list:
3) A critical photoperiod occurring strictly before the spring equinox.
The logic of this last point is that trees transplanted toward the south would experience
their critical photoperiod earlier than in their original location. This is illustrated by
moving from point ‘A’ to point ‘B’ in Figure 1-3. Generally speaking, these possibilities
suggest relatively weak safety mechanisms against premature budburst. A chilling
requirement is unlikely, and any photoperiod-based safety mechanism would be
satisfied quite early in the year, during the meteorological winter in all but the most

southerly temperate forests.
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If budburst occurs in order of increasing elevation/latitude of origin, it would
suggest one or more of the following;:
1) Increasing degree-day requirements or threshold temperature with decreasing
temperature of origin.
2) a strong chilling requirement that increases with altitude or latitude.
For latitudinal common gardens only, an additional possibility exists:
3) a critical photoperiod that consistently occurs after the spring equinox for all
genotypes, or increases with latitude of origin.
These patterns suggest conservative adaptations to the spring frost/growing season
length tradeoff. Such plants are likely to show smaller shifts in phenology with global
warming.
1.3.2.3 Results from common garden experiments
I have found about 20 species with published data on budburst phenology for
widespread genotypes grown under common conditions. These studies are
summarized in Table 1. Some basic patterns in these results are discussed in the
following paragraphs.
First, it is remarkable to note the variety of responses. There are species that
burst bud in order of increasing latitude, decreasing latitude, as well as both directions

with respect to elevation. Further, there are species that show no clear latitudinal or
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altitudinal pattern. Even more surprising are species that show virtually no
differentiation among origins, even along a steep climatic gradient (i.e. 10° of latitude
from southern to northern Sweden; Luquez et al., 2008).

Second, all ring porous species studied burst bud in order of warm to cool
genotype, either from south to north, or low to high elevation. This is consistent with a
conservative response to warm temperatures. Such a response would be adaptive for
avoidance of cold temperatures in trees with large-diameter xylem vessels that are prone
to frost-induced dysfunction. These findings suggest that these species, most of which
are typical of mid to late successional stages, may not take full advantage of longer frost-
free seasons under climate change. However, if temperature patterns become more
variable (Rigby and Porporato, 2008), these species may benefit from their frost
avoidance strategies.

Third, over half of diffuse-porous species show a clear pattern burst bud from
north to south, or high to low origin. This is consistent with an opportunistic response
to weather variations (Korner and Basler, 2010a). Although not all species with narro-
xylem show this pattern, this response could put such species at an advantage under a
warmer climate if they make better use of extended growing seasons.

Finally, the few species that show no differentiation of budburst among

genotypes deserve a brief discussion. These results came from areas that were beneath
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the Laurentide or Weichselian ice sheets during the last glacial maximum (i.e. Populus
tremula in Sweden, Populus balsamifera in Ontario, and Fagus sylvatica from Poland).
Thus, the genotypes currently inhabiting those areas would have migrated north quickly
and recently, and possibly not be fully adapted to their new climate. However, the
invariance of budburst adaptation to extreme temperature and light gradients across 10°
of latitude in Sweden suggests local adaptation may not be necessary for trees to
perform reasonably well in range of conditions, giving some hope for advantageous
responses in the face of climate change.

Table 1-1: A summary of budburst observations of temperate trees planted in

common gardens. The column ‘Budburst Pattern” denotes the general geographical
order of budburst in a common garden: N—S: order of northern to southern origin,

H—L: order of high to low altitude origin, etc.

gymnosperm, T evergreen angiosperm.

Key to species notes: *evergreen

Species Budburst Wood Garden Citation
Pattern Anatomy Location
Abies alba* None Diffuse Southern Vitasse et al. (2009)
porous France
Acer saccharum | N—-S Diffuse Ohio, USA Kriebel (1957) cited
porous in Nienstaedt
(1974)
Betula N—S Diffuse Unknown Clausen and
alleghaniensis porous Garrett (1969) cited
in Nienstaedt
(1974)
Fagus sylvatica complex Diffuse Northern Chmura and
porous Poland Rozkowski (2002)
Fagus sylvatica H—-L Diffuse Southern Vitasse et al. (2009)
porous France
Fagus sylvatica No Diffuse As,Norway  Heide (1993b)
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Fraxinus
americana
Fraxinus
excelsior

llex aquifolium t

Juglans nigra

Liquidambar
styraciflua

Liriodendron
tulipifera
Nothofagus
pumilio
Picea abies*

Picea sitchensis*

Platanus
occidentalis

Populus
balsamifera

Populus deltoides

Populus tremula

differentiation
S—N

L—-H
No pattern

S—N

S—N

S—N

L—-H

S—N

N—S

S—N

No pattern

N—S

No

porous

Ring porous

Ring porous

Diffuse
porous

Ring porous

Diffuse
porous

Diffuse
porous

Diffuse
porous, but
with some

large vessels

Diffuse
porous
Diffuse
porous

Diffuse
porous

Diffuse
porous

Diffuse
porous
Diffuse
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(greenhouse)
Eastern
Kansas, USA
Southern
France
Southern
France
Several in
Ohio,
Michigan and
Illinois, USA
Mexico City,
Mexico and
Austin, Texas,
USA
Sewanee,
Tennessee,
USA
Bariloche,
Argentina

Phytotron in
Norway
Greenhouse
in New
Haven,
Connecticut,
USA
Gulfport,
Mississippi,
USA
Thunder Bay,
Ontario,
Canada
Nebraska,
USA

Ekebo

Marchin (2006)

Vitasse et al. (2009)
Vitasse et al. (2009)
Bey (1972) cited in

Nienstaedt (1974)

McMillan and
Winstead (1976)

Farmer (1967)

Premoli et al.
(2007)

Segaard et al.
(2008)
Burley (1966)

Schmitt and Webb
(1971)

Farmer (1993)
Ying and Bagley

(1976)
Luquez et al. (2008)



differentiation porous (northern

Sweden) and

Savar

(southern

Sweden)
Quercus petraea | L-H Ring porous Southern Vitasse et al. (2009)
France
Quercus rubra L-H Ring porous Southern McGee (1974)
Appalachians,
TN, USA

1.3.3 What can budburst models tell us about phenological cues?

Models may help determine which cues induce budburst in trees when a long-
term observational dataset and corresponding temperature records are available.
Typically, a model with some number of unknown parameters is used to relate weather
to budburst date. In order to estimate the parameters, some function of error between
observed and predicted dates is minimized. Even if such models are biologically
realistic, they may not be useful if their parameters cannot be uniquely identified. Such
models can be quite complex, allowing for influence of both chilling and forcing (e.g.
Cannell and Smith, 1983; Kramer, 1994; Chuine 2000). Conclusions about which cues
affect particular species, and what phenological behavior to expect with climate change
have been drawn from such exercises. However, little attention has been paid to
whether these methods are able to recover known parameters used to simulate

phenological data, let along unknown parameters from observational data. Failure
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would limit inference on which cues are important to different species, and when these
species will burst bud in a warmer climate.

Even in the simplest models, a substantive change in one or more parameters
need not lead to much change in predicted budburst dates. Imagine a forcing-only
model with two parameters: a starting date (D) and a threshold temperature (T). In a
cold continental climate, a T of 8°C means that there is almost no difference between a D
of January 1 and February 15. Temperatures above 8°C are exceedingly uncommon
during this period, so identical predictions will result regardless of when degree-day
accumulation begins. Yet such models typically fit with a single ‘optimal” set of
parameters. Mis-identified parameters could skew projections under a warmer future.

Understanding what parameter values are probable, rather than simply optimal,
will produce more realistic forecasts of future phenology. If incorporated into the
modeling process, the parameter probability distributions can be used to generate

distributions, rather than point estimates, of phenological dates.

1.4 Autumn phenology
1.4.1 Background

Fall phenology is less studied that spring events. There are several probable
reasons for this discrepancy. First is the historical interest in the end of winter and

coming of spring in cold regions. Second, spring events are easier to define. Budburst is
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defined by many authors as the emergence of the first green leaf tissue from bud scales
(e.g. Augspurger and Bartlett, 2003). For most temperate species, this is a fairly
unambiguous designation. It is also a decent proxy for the start of photosynthesis, as
unexpanded leaves have been shown to have positive carbon balance soon after they
emerge from their bud (Keel and Schédel, 2010). Autumn events are harder to define.
Leaf coloration is a gradual process, and often displays asynchrony within the crown of
a single tree. Even on small saplings it can be quite difficult to estimate the proportion
of leaves that have senesced. This is particularly so in species with indeterminate
growth that continue to grow new leaves late in the growing season. Further, whether
the onset of leaf coloration is a good proxy for photosynthetic decline is unclear. Recent
studies show opposite trends in the timing of remotely-sensed autumn green-down
(later: Piao, 2006) and the annual transition of forests from carbon sinks to sources
(earlier: Piao, 2008).

While greater attention to spring than fall events has clear causes, the autumnal
decline of leaf function is still an important determinant of growing season length
(Hwang et al., in press) and net ecosystem productivity (Dragoni et al., 2011). As such,
the current gaps in our knowledge of fall phenology are problematic. The following

sections review what is currently known about cues for the end of the growing season.
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1.4.2 Long-term senescence trends

For leaf senescence dates, long-term trends are less well documented than for
budburst. Published studies, particularly those in Europe, show divergent patterns
ranging from no trend (e.g. Betula pendula in Finland; Pudas et al., 2008) to a delay of
senescence of 40 days in the last 50 years (e.g. Fagus sylvatica in Switzerland; Defila and
Clot, 2001). In a study aggregating phenological records from meteorological services in
21 European countries, Menzel et al. (2006) analyzed 5,643 leaf coloring time series at
least 15 years long and found them evenly split between trends toward earlier and later
dates. However, only 13% of these trends were significant at p<.05. In Asia, several
studies have reported a delay in autumn leaf coloration (e.g. Matsumoto et al., 2003;
Ibafiez et al., 2010). However, these two studies examined a total of only four species.
Given the preponderance of records from the Menzel et al. (2006) study that showed no
trend, and the general under-publication of negative results, it would be hasty to
conclude that most Asian species are delaying senescence. That being said, a recent
remote sensing study has shown trends toward later autumn decline of greenness
(NDVI) across northern China (Piao et al., 2006), although this trend appears least

significant for deciduous forests.
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1.4.3 Potential cues for leaf senescence and drop

In contrast to budburst, the list of potential cues for senescence is long. As with
budburst, it includes light and temperature. Water availability and CO: concentration
have also been noted to affect the timing of leaf drop. It is important to note from the
outset that there seems to be a great deal of differentiation among superficially similar
tree species in how they are affected by these cues. Indeed, the proximate cause for an
individual tree to senesce may not be the same from year to year. Hope of
understanding these cues is offered by recent genetic work in which discovery of genes
associated with autumn events outstrips progress on budburst genetics (Hall et al.,

2007).

1.4.3.1 Light

Photoperiod is an important controller of bud set or the cessation of meristem or
cambial growth in many temperate tree species (Liittge, 2009), a process whose genetic
architecture is much better understood than any other phenological event (Bohlenius,
2006). It is therefore sometimes assumed that leaf senescence or leaf drop is also under
photoperiodic control (e.g. Taylor et al., 2008). However, these two events are not the
same. In natural settings bud set and senescence can, but do not always, occur in quick
succession. In many species, green, photosynthetically active, leaves can persist for

months after winter-ready buds have been developed (Downs and Borthwick, 1956).
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For Populus tremula, experimental manipulations of temperature and photoperiod
suggest that leaf senescence cannot normally begin before buds are set, but that there is
no fixed length of the period between these two events (Fracheboud et al., 2009).

The influence of light in determining leaf senescence and abscission is less clear
cut. Street lights, presumably by interrupting long nights, are known to disrupt
abscission of some species (e.g. Matzke, 1936). In greenhouse experiments, Populus
tremula saplings senesce leaves much later when grown under extended photoperiods.
Fracheboud and others (2009) found that clones of this species from different regions of
Sweden senesce around the autumn equinox (~Sept 22) when grown in a greenhouse
under natural photoperiods. When genetically identical plants are grown under a 23
hour photoperiod until the equinox, and then reverted to natural photoperiods, they do
not senesce their leaves until nearly two months later. It is interesting to note that in this
experiment, the order of leaf coloration in the different clones remained virtually
unchanged between the natural and extended photoperiod treatments. Trees apparently
down-regulate their photosynthetic enzymes as days become shorter (Ram Oren,
unpublished data). While not directly addressing the timing of leaf drop, this finding is

still relevant to overall forest carbon balance.
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1.4.3.2 Temperature

Summer and autumn temperatures appear to play a role in leaf coloration in
some but not all circumstances. Piao et al. (2006) found virtually no correlation between
warm late summer and early autumn temperatures and later satellite-derived green-
down in Chinese temperate forests. In contrast, Kramer (1995) found a correlation
between warmer summers (defined as the period between budburst and senescence)
and earlier leaf fall of five deciduous tree species in European phenological gardens. No
species investigated was counter to this pattern, but two genetic lineages of Fagus
sylvatica failed to show any pattern. This finding is admittedly circular — earlier leaf fall
means that less of a typically cool period is included in the temperature average — which
highlights the difficulty of pinning down such relationships from observational data
alone. A similar analysis using German phenological garden data on Aesculus, Quercus,
Fagus and Betula found that warm early summer (May-June) temperatures accelerate
senescence in the fall, whereas warm later summers (Aug-Sep) delay senescence
(Estrella and Menzel, 2006). Once senescence begins in Populus tremula, chlorophyll

breaks down faster during colder weather (Facheboud et al., 2009).

1.4.3.3 Water availability

Some temperate trees shed leaves in response to drought (Marchin et al., 2009).

However, this effect has rarely been linked to interannual changes in timing of leaf
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coloration or abscission. In a remote sensing study, Piao et al. (2006) found a slight
correlation between increased rainfall in August and September, and later NDVI-
inferred green-down dates in deciduous forests of northern China. Morin and others
(2010) found that there was no direct effect of reduced soil water content on three oak
species” aggregate leaf senescence date. However, an ANOVA showed that species
differed in their response to the water withholding, a result that doesn’t appear to have
been pursued further. Leuzinger and others (2005) found that leaves of several tree
species were held much longer following the exceptionally dry (and hot) European
summer of 2003. Some trees’ leaves turned yellow during the drought, but it is claimed
that these leaves recovered their greenness when rains resumed. Estrella and Menzel
(2006) looked at correlations between four European species” senescence dates and total
monthly rainfall and monthly number of dry days. They found no strong effect of either

of these variables on any species.

1.4.3.4 CO: concentration

In contrast to budburst, CO: fertilization can affect the timing of leaf drop.
Norby et al. (1993) found that abscission in Acer rubrum and A. saccharum was sometimes
delayed by elevated CO.. However, this effect was idiosyncratic among years. Taylor
and others (2008) found a clear delay of NDVI decline in plots of three species of Populus

fumigated with CO2. Alternatively, these results could be due to a general increase in

38



leaf area index in the fumigated plots which actually decline at the same rate. Earlier
senescence has also been observed in some CO: fumigation experiments with Populus
species (e.g. Sigurdsson, 2001). Because CO: concentration typically changed very
slowly until the industrial revolution, it is probably not a cue that trees evolved a direct
response to. Instead, I would suggest that positive leaf carbon balance in part

determines visible phenology.

1.5 Conclusions

This chapter has summarized what is currently known about the cues that
determine when temperate deciduous trees begin and end their photosynthetic season.
While most evidence suggests that this season will become longer in a warmer climate,
various lines of evidence suggest that most tree species will under-compensate for
global warming, and miss out on windows of weather favorable to carbon uptake.
Species supposedly relying only on warmth as a cue for budburst cannot fully track
warmer temperatures. More conservative species, with chilling or photoperiod
requirements will likely extend their growing seasons even less.

Common garden studies show a pervasive pattern of phenological conservatism
in ring porous species. Thus, this group of mostly mid to late successional species will
likely see less growth enhancement from warming, with possible biodiversity

consequences. Diffuse porous species were much more diverse in their responses,
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showing nearly every possible pattern, even within a single genus (i.e. Picea, Table 1-1),
These patterns had no relation to successional status. Two light demanding species,
Liriodendron tulipifera and Betula alleghaniensis showed opposite patterns in common
gardens.

Chilling and photoperiod can have qualitatively similar roles as a safety
mechanism to prevent premature budburst. However, it is still important to distinguish
between their effects because climate change will affect chilling, but not photoperiod.
For species cued by chilling and forcing, climate change may result in environments that
have no 20% century analogue. Genotypes from further south could be selected to
replace maladapted populations. Species that rely on photoperiod rather than chilling
are even more at risk as climate change guarantees that most new combinations of these
cues will have no analogue from the recent past.

The studies summarized in this chapter suggest a remarkable flexibility of trees
to adapt to unpredictable weather conditions. This suggests that climate change may
not cause tree populations to go into decline from the direct effects of phenological
maladaptation. Plant migration, and particularly over long distances when assisted by
humans for either horticulture or conservation (McLachlan et al., 2007), may lead to
mismatches between cues to which genotypes are adapted, and those they then

experience in their new range. However, trees show substantial resilience to new
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conditions. This is clearly seen in staggered budburst dates typical of trees from
widespread origins planted in common gardens. However, in spite of being adapted to
other regions, most of these trees survive for decades (i.e. Marchin, 2006). The
occasional finding that a species is phenologically undifferentiated across a broad
environmental gradient (Luquez et al., 2008) shows that local adaptation of budburst
cues may be a luxury rather than a necessity.

Phenological responses to climate may have indirect negative consequences for
some species by shifting the competitive balance within forest communities. Ring-
porous species already have shorter growing seasons than their diffuse-porous
counterparts, and may lose out even more if they have a conservative response to
warmer temperatures. While such a response was not seen in the analysis of interannual
variability in an Illinois phenological record (Figure 1-1), the more extreme treatments
imposed by common garden transplants show that ring-porous species are relatively
conservative.

The phenological response of trees to a warmer climate has direct consequences
for forest-based carbon sequestration. If trees maintain optimal leaf timing under
climate change, they will fulfill their capacity to act as carbon sinks. However, this
chapter has shown that even under the simplest of plausible phenological response

mechanisms, trees lag behind changes in spring temperature. Species with more
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complex safety mechanisms to prevent premature budburst are likely to lag behind
temperature changes even further. Such responses have consequences for the extent to
which forests will serve as carbon sinks during the 21 century (LeQuéré et al., 2009).
There are two promising approaches to better understand what determines trees’
leafy season, and what the consequences this will have in a warmer climate. The first is
a mechanistic understanding of the genetic regulation of phenology. Progress has
recently been made on understanding the pathways that regulate growth timing in
Arabidopsis (Wilczek et al., 2010). A series of candidate genes associated with bud
dormancy release in Prunus persica has been identified (Leida et al., 2010), as have
heritable trait loci associated with budburst in Populus (Keller et al., 2011). These results
hold promise that a basic understanding of the genetic architecture of tree phenology
will soon emerge. The second approach is manipulative experiments in realistic field
conditions. Indeed, some such experiments have been done in recent years (e.g. Norby,
2003; Morin et al., 2010). This kind of research needs to be expanded to more diverse
species, and should test species’ ability to maintain adaptive phenology when grown in
non-analogue climates. To this end, putative phenological cues should be manipulated
as independently as is possible. This type of experiment could be enhanced by making
use of natural environmental gradients along which plants are expected to migrate, and

by transplanting species beyond their current ranges (Griffith and Watson, 2006).
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Perhaps the most important reason for manipulative experiments is their possibility to

surprise us with unexpected results (Holling, 1996). This is, after all, why we do science.
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2 Changes in the onset of spring and uncertainty in
21st century terrestrial carbon sinks

2.1 Introduction

Recent attempts to regulate atmospheric greenhouse gases give new urgency to
understanding their sources and sinks (IPCC, 2007). Fixed carbon is stored in many
different pools in terrestrial ecosystems, from soil organic matter to tree trunks. These
pools are ultimately fed by a single process: photosynthesis. Because they store so much
carbon per unit area, forests play a key role in atmospheric greenhouse gas balance;
understanding the function of trees in the face of climate change is crucial. Calculations
by the Global Carbon Project based on global vegetation models estimate that 29% of
anthropogenic CO:z emissions are removed from the atmosphere by terrestrial vegetation
(LeQuéré et al., 2009). While terrestrial sequestration is an opportunity for carbon
budget management in countries with extensive forests, such schemes must account for
uncertainties in forest carbon fluxes to contain the risk of overshooting emissions targets
(Lieberman et al., 2007). Terrestrial carbon accounting projections are complicated
because forest carbon balance may not follow historical patterns under an altered
climate. This is caused by climate-sensitive processes ranging from tree physiology to
stand-replacing wildfires (Galik and Jackson, 2009). Understanding the balance of these

factors is central to projecting the forests’ utility in carbon sequestration.
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This chapter addresses direct climate impacts on one source of uncertainty in
terrestrial carbon balance: growing season length. The amount of time during a year
that is available for photosynthesis is directly determined by the timing of leaf growth
and senescence, also known as ‘phenology’ (Jolly et al., 2005). While spring and fall
phenology are equally important in terms of growing season length, they are not equal
in their effect on carbon fixation. In this respect, spring phenology is more important,
and is the focus of this chapter. Spring leaf growth happens closer to the summer
solstice (when more light is available) than does autumn leaf drop (Harrington et al.,
1989). In addition, young leaves have a higher capacity for photosynthesis than old,
degraded leaves (Augspurger et al., 2005).

Interannual variability of budburst timing is a source of trees’ resilience to
climate change, and could provide a dampening feedback to increasing atmospheric CO2
(Pefiuelas et al., 2009). Analyses of phenological records from the last 30 years show a
trend toward earlier spring events (Parmesan and Yohe, 2003; Menzel et al., 2006).
Observations of earlier budburst are consistent with a response to late 20™ century
warming, but extrapolation of such trends does not provide a robust basis for
projections of future changes.

Models based on underlying plant physiology are the best way to make plausible

projections of future budburst dates (Morin et al., 2007). Experiments have

45



demonstrated that tree species do not necessarily have a linear relationship to warmer
temperatures and shifts in budburst dates (Myking, 1997). Many species have a safety
mechanism that can only be unlatched by sufficient chilling exposure (Sarvas, 1974).
This prevents early budburst during winter warm spells. A chilling requirement has
been included in many predictive models of budburst timing that have been
parameterized with multi-year observational datasets (e.g. Cannell and Smith, 1983;
Chuine, 2000). These models continue to be used to forecast shifts in trees’ leafing dates
under climate change (e.g. Morin et al. 2008; Harrington et al. 2010), and have been used
as inputs for projections of changes in carbon budgets (e.g. Picard et al., 2005) or tree
species distribution (e.g. Morin et al., 2007). However, uncertainty in projected leafing
dates is rarely if ever estimated. Differences among these budburst models have
substantive consequences for climate change projections. A basic model that includes
only spring warmth has only one possible response to increasing temperatures: earlier
budburst. However, models that include chilling can exhibit a range of complexity,
even to the extent of later budburst with warming if chilling requirements are not met
(Morin et al., 2008).

A less obvious problem with phenological projections is uncertainty in
parameter estimates (Magliavacci et al., 2008). Phenological models necessarily use

many parameters. Such models may not be useful if their parameters cannot be
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identified. If there are multiple combinations of parameters that give a similar fit to
data, an extrapolation to future climate using a single set of parameters could be
misleading. Even if a model correctly reflects the biological process of budburst, it may
not be possible to precisely estimate parameters because of insufficient length and year-
to-year variability of phenological datasets. Thus, a model may be biologically robust,
but data limitations prevent it from revealing the underlying biology of tree phenology.
However, reliable phenological projections could still be possible as long as the different
sets of parameters give similar projections of budburst dates.

Phenological responses to identical cues differ widely among species (Howard,
1910), so tree species are likely to show dissimilar responses to climate change. Because
it is unfeasible to individually evaluate all temperate tree species, finding patterns
shared within evolutionarily or functionally related groups would broaden the impact of
phenological studies. This study examines budburst timing sensitivity in two
physiologically contrasting tree types: those with ring-porous and diffuse-porous wood.
These two wood types differ in xylem diameter. Diffuse-porous species have narrow
xylem, which conducts water inefficiently, but is less prone to disfunction, while ring-
porous species have wide and hydraulically efficient, but frost-sensitive, xylem (Tyree
and Zimmerman, 2002). This has implications for potential frost damage if spring

development begins too early.
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In this chapter, I investigate the uncertainties in phenological forecasts, including
the overlooked problem of parameter uncertainty. Rather than selecting a single set of
optimal parameters as is typical for such studies, a realistic accounting for uncertainty is
provided by estimating parameters” probability distributions. This is done by
simulating budburst data with known parameters and real weather data under two
models of different complexity from the phenological literature. Estimation of the
parameters is then attempted to gain a sense of what level of budburst date uncertainty
exists in different parts of parameter space. The same process of parameter estimation is
then applied to 13 Midwestern tree species. This gives us the strongest possible context
for interpreting species’ parameter distributions and budburst date uncertainties under
climate change.

The goal of this research is to address several questions:

1) How recoverable are parameters under two commonly used phenological

models?
2) How are budburst dates likely to change in a warmer climate?
3) How much uncertainty is there in such projections?

4) Are species with different wood anatomies likely to respond differently to

warmer temperatures?
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2.2 Methods
2.2.1 Weather Data

The weather datasets used in this study are maintained by the Illinois State
Water Survey. All weather data used in this study came from the station nearest to the
study site, about 8 km to the southwest, in Champaign, IL. The station is on the edge of
the University of Illinois agricultural experiment fields, just south of the main campus.
Daily mean temperatures from 1992-2010 were used in fitting parameters for
phenological models. Similar data for 1901-1991 were used to generate budburst

projections under different climate scenarios.

2.2.2 Phenological Data

The phenological observations were made by Carol Augspurger during the
spring of 18 years, from 1993-2010. Observations were made in Trelease Woods, a ~24
ha forest fragment about 5 km northeast of Urbana, IL. All observations are made on
permanently tagged trees, ensuring that the same individuals were observed each year.
The date of budburst was defined as the first day on which leaf tissue was visible
emerging from at least 1/3 of a tree’s buds. Observations were made at ~7 day intervals.
Dates for all trees in a given species were averaged to obtain a population-level
phenological date and help overcome the limitation of relatively wide observation

intervals. Further details are found in Augspurger and Bartlett (2003).
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2.2.3 Phenological Models

There are many published models that generate projected budburst dates when
supplied with weather data and appropriate parameters. These parameters presumably
reflect the underlying physiology of a tree or species, but in practice they are not
currently derivable from first biological principles. In all models, warmth promotes
budburst, an effect that is supported by multiple forms of evidence. The simplest model
requires only warmth to trigger leaf growth. This basic relationship has been
understood for over 250 years (Réaumur, 1735). In its modern sense, this is known as
the spring warming (hereafter SW) model (Hunter and Lechowicz, 1992). Some species
have mechanisms to prevent premature leaf growth during brief winter warm spells.
While these mechanisms are poorly understood, greenhouse and observational studies
suggest that over-winter chilling exposure makes many species more receptive to
warmth in spring. To incorporate this effect, models include a tradeoff between chilling
and warmth. For the purpose of this chapter I focus on the chilling-forcing (hereafter
CF) model of Cannell and Smith (1983) because its mathematical structure was
presented more clearly than other authors” models.

A degree-day sum is at the center of both types of models. The degree-day sum
(DD) is a non-decreasing function of date, calculated from average daily temperatures

with parameters of starting date (startdate) and threshold temperature (thresh):
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t
DD, (t) = Z(T g, —thresh)* 1, — where lu,=1 if Tay>thresh and l1,=0 otherwise.

d=startdate
In this formula, ¢ is the Julian calendar date, y is the year and T, is the daily average
temperature.

Within the SW model, the expected date of budburst (BBE) is the first date
satisfying:

BBE, =t" such that DD, (t") > DD

The optimum value of DD" is a trivial function of the two other parameters and is
calculated rather than estimated as a parameter. The value of DD" is invariant across
years. Thus there are a total of three parameters to estimate under this model, startdate,
thresh, and o, the variance on the error term from the model assessment phase (see
section 2.2.4 below).

The CF model uses the same degree-day calculation, but has a critical sum that
decreases as a function of accumulated chilling:

DD’ (t) = ff + gg - exp(—hh - CD(t))

where ff, ¢¢ and hh are parameters. CD(?) is the accumulated number of chill

days (CD) to day t:

t
CD, ()= z Ly, where Liy=1if Tu<ct and La,=0 otherwise.

d=Isept
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This adds another parameter, the chilling threshold (ct). Following Cannell and
Smith (1983), the starting date for degree-days was set to February 1, and for chilling
days to September 1 in the previous fall. This leaves a total of six parameters: thresh, ff,

g9, hh, ct, and o.

2.2.4 Model Assessment

To assess the mathematical robustness of phenological models, I generated
simulated data from known parameters. Simulations were generated over the same
years and same weather data as were used in the recovery of parameters from
observations of actual trees. I then attempted to recover the parameter values used in
simulation using a Bayesian model. This technique uses Bayes” Theorem to find
probabilities of parameter values given data. This is an advantage over likelihood-only
approaches which only allow computation of probabilities of data given parameters.

Central to the Bayesian framework is the likelihood, used to assess both
phenological models, which is a simple relationship between observed and predicted
budburst dates:

BBOy - BBE, ~ N(0,0)
where BBOy is the observational data (date of budburst in year y), and BBE, is the
expected budburst date, a function of the weather in year y and the parameters of the

specific model in use. The parameter ¢ is the variance on a normally distributed error
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term with a mean of zero. This relationship can be used to assess any model that
generates predicted budburst dates.

Bayesian calculations require prior distributions for parameter probabilities. In
this case, I used uninformative (flat) priors:

p(o) =1G(a=1, p=1)

p(thresh) = p(ct) = Unif(-o0,0)

p(startdate) = Unif(September 1% of the previous year, «)
p(f) = p(g) = p(h) = Unif(0, =)

In cases where these priors have limits, the limits are to keep parameters within
reasonable bounds. For the SW model, the parameter startdate wasn’t allowed to
precede September 1 of the previous year and thresh was unbounded. In the CF model,
the parameters f, ¢ and h were constrained to be positive. For both the SW and CF
models, the error term variance (0) was modeled with a weak inverse gamma prior.
This put a lower bound of zero on the variance, and allowed for efficient computation of
its posterior probability distribution via Gibbs sampling. In this case, the improper
(unbounded on at least one end) priors are not a problem because the variance has a
proper prior. To estimate the (unknown) distributions of the parameters, I used the
Metropolis algorithm (Metropolis et al., 1953) to sequentially sample the parameters’
posterior distributions. This is known as Markov-chain Monte Carlo (MCMC) sampling.

Details of this process can be found in Clark (2006).
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Two-hundred sets of simulated budburst dates were generated from randomly
chosen parameters and the weather data set from Champaign Illinois for both model
types. These simulated data sets were 18 years long, from 1993 to 2010, the same
duration as the Augspurger phenological data. The parameters were selected so that
simulated budburst dates were usually between mid-April and mid-May, as is typical
for most deciduous species during normal weather years in Central Illinois.

Parameters for simulation were chosen at random for each run. Each run was
initialized with a second set of randomly drawn parameters. It was run for 20,000 steps.
The first 10,000 were discarded as burn-in. Visual inspection of the resulting chains
showed this to be a sufficient burn-in period. All but every 10t of the remaining steps
were discarded to reduce autocorrelation and computational burdens. The remaining
1000 steps were used for all subsequent analyses.

To assess these models for parameter recoverability the root-mean-square (RMS)
error was calculated between the underlying parameter values used in simulation, and
the elements of the thinned chain. This calculation reflects both the accuracy and
precision of parameter recovery.

To assess the effects of parameter uncertainty on projections of leafing behavior
under climate change, budburst dates were simulated for the 90 years from 1902-1991,

years’ whose data was not used in model parameterization. This process was repeated
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for all 1000 sets of retained parameters. The 95% central interval of these dates was
computed as a measure of uncertainty in budburst dates under a particular model run.
As a simple climate change scenario, 5°C was added to all temperature observations in
the 1902-1991 weather dataset. The value of 5°C was chosen as a warm but not extreme
climate scenario based on the projections in the latest IPCC report (2007). The procedure
of budburst forecasts and credible interval calculations was repeated for this warmer
scenario. Also calculated was the mean temperature during the two weeks following
budburst. This was used as a measure of trees’ ability to phenologically track warmer

temperatures, and maximize use of the period of growth permitting temperatures.

2.2.5 Parameterization of models from observational budburst data

To understand the consequences of parameter uncertainty on climate feedbacks,
it is necessary to understand how native tree populations will react to warmer
temperatures. To do this [ used the MCMC sampling techniques described above to
compute probabilities densities of budburst dates under different climate scenarios for
13 canopy tree species native to central Illinois, USA under the SW and CF models.
Details of these species are listed in Table 2-1.

The MCMC routine was run similarly to the simulations for each combination of
species and model. To avoid initiation bias, each run began with a randomly drawn set

of parameters.
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Table 2-1: List of study species and their wood anatomy. Family classifications
follow Stevens (2001 onwards). Wood anatomy classifications follow Perkey et al.

(1994).

Species Family Wood anatomy
Acer saccharum Sapindaceae Diffuse porous
Aesculus glabra Sapindaceae Diffuse porous
Carya cordiformis Juglandaceae Ring porous
Carya ovata Juglandaceae Ring porous
Celtis occidentalis Cannabaceae Ring porous
Fraxinus americana Oleaceae Ring porous
Gymmnocladus dioicus Fabaceae Ring porous
Juglans nigra Juglandaceae Ring porous
Quercus macrocarpa Fagaceae Ring porous
Quercus rubra Fagaceae Ring porous
Tilia americana Malvaceae Diffuse porous
Ulmus americana Ulmaceae Ring porous
Ulmus rubra Ulmaceae Ring porous

2.3 Results

2.3.1 Simulated Data: Parameter Recovery and budburst Projections

2.3.1.1 Spring Warming Model

23.1.1.1

Parameter identifiability and fit of projections

The recoverability of parameters from data simulated under the SW model
varied greatly among runs as a function of the parameters” values (Figure 2-1). The
following paragraphs report mean RMS error between parameters used for simulation
of budburst dates and the posterior distributions of these parameters. For brevity, this is

referred to as ‘RMS error’.
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Figure 2-1: The relative difficulty of recovering parameters from data simulated under
the SW model under various circumstances. 1A: RMS error of variance recovery as a
function of variance parameter used in simulations. Variance parameter values are
generally most recoverable when this parameter’s value is small. 1B: Start date
recovery error when simulated start date is in mid-winter (range shown equivalent to
10 Dec - 10 February) and threshold temperature is between 5 and 10°C. Under these
circumstances, startdate recovery is never particularly good. 1C: Recovery of
parameter thresh typically becomes easier as it takes on larger values.
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The RMS error for the parameter thresh had a median value of 3.08 °C across all
runs, with a range from .591 to 319 °C. This median is smaller than the range over
which simulated parameters were drawn (0-10 °C), indicating differences among
simulations were at least minimally detectable. However, in some cases, RMS error
exploded to huge values. While data constrained thresh from becoming unreasonably
high, no such constraint existed for low values; the MCMC algorithm sometimes
wandered into a very low temperature range for thresh, leading to large RMS errors for
that parameter.

The startdate parameter was also recoverable under some circumstances with
median error of 32.4 days (range 1.29 to 114). While an error of a month is clearly
inaccurate, it is still smaller than the 120 day range (1 December — 31 March) over which
simulation parameters were drawn.

The variance (parameter o) had a median RMS error of 15.3 days? (range 1.82 to
102 days?). The median value is smaller than the range of parameter simulation
(between 4 and 64 days?), indicating some useful recoverability. However, in 22% of
simulations, RMS error of 0 exceeded the value of that parameter, indicating poor

recovery.
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While the low end of these ranges indicates that all parameters were precisely
estimated in some runs, the high end values indicate that no parameter is universally
recoverable under this model.

Some parts of parameter space lend themselves to easier recovery than others.
Generally speaking, when the simulated value of thresh was lower than 5° C it became
much harder to recover than when it was higher (Figure 2-1c). This was particularly
true when the error term variance (o) was high. Startdate was difficult to recover as well.
In many cases when thresh was well identified, startdate remained difficult to determine
(Figure 2-2). Identifiability of startdate improved slightly when later values were used in
simulation.

RMS error between observed and predicted budburst dates ranged from 1.70 to
11.6 days. There was no detectable relationship between either thresh or startdate, but

increasing o led to a higher RMS error (Figure 2-3).

2.3.1.1.2  Climate change projections

Within the SW model, sensitivity of budburst to warming depends on model
parameters. The parameter startdate drives most of this pattern, with later starting dates
allowing less advancement of budburst under warmer temperatures (Figure 2-4).
Depending on parameters, sensitivity to 5°C climate change ranged from 2.0 days to 48

days.
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Figure 2-5: The width in days of the 95% central range of projected budburst dates
from simulated data under the SW model. “Amberr” refers to dates projected under

20th century temperatures, while “hoterr” refers to error in projected dates with 5°C
added to the same temperature data.

Parameter uncertainty caused variability in projected budburst dates on the
1902-1991 temperature dataset. At 20" century temperatures, the mean within-year 95%

central range of budburst dates due to parameter uncertainty was 5.4 days. With
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temperatures 5°C hotter than the 20t century, mean projected budburst date uncertainty

increased to 11.0 days (Figure 2-5).

2.3.1.2 Chilling-Forcing model

2.3.1.2.1 Parameter identifiability and fit of projections

Parameter recoverability from data simulated with the CF model was generally
difficult. Most parameters had a median RMS error somewhat smaller than the scale
over which they are generated, indicating some slight hope of useful parameter
recovery. All parameters had instances of low RMS error. However, for all parameters
except 0, RMS error sometimes exceeded the range over which simulation parameters
were drawn by an order of magnitude (Table 2-2).

Table 2-2: Quantiles of parameter recovery error using simulated data for the six
parameters of the CF model.

Parameter
Quantile thresh ct ff gg hh o
0 .392 .0945 15.5 114 .00117 1.37
.025 .673 .395 20.0 715 .00202 2.67
.5 2.06 14.5 78.3 2250 .0635 27.0
975 23.5 39.5 292 5260 179 68.2
1 40.9 56.1 363 5850 .253 81.4

Unlike the SW model, few clear patterns of parameter identifiability were seen
(Figure 2-6). However, due to the computational difficulties of a six dimensional

parameter space, it is possible that patterns exist that simply weren’t uncovered. As
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with the SW model, there was a clear trend toward higher RMS error in all parameters
with increasing o (Figure 2-6).

RMS error of observed vs. predicted budburst dates was similar to the scale
found in the SW model, ranging from 1.66 to 13.9 days. As under the SW model, there
was no relationship between any parameter and predictive error except for the o term

(Figure 2-7).
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Figure 2-6: All parameters used in simulation of data under the CF model (x-axes)
plotted against recovery errors of all parameters. Lines indicate correlations with
p<.05.
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Figure 2-7: The relationship between parameters used to simulate data under the CF
model and RMS error of budburst predictions. The line for the variance term
represents a significant correlation with p<.001 and R?=.57.
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2.3.1.2.2  Climate change projections

Under the CF model, projected sensitivity to 5° C warming varied wildly as a
function of parameter values. Warming effects on budburst date ranged from a 56 day
advancement, to a 25 day delay (Figure 2-8). A delay in budburst date due to warming
is possible under this model because less chilling exposure leads to greater degree-day
requirements. The upper limit of about 25 days advance of budburst date shown in
Figure 2-8 is an artifact of the model. A 1 February starting date for degree-day
calculations was used in this model in accordance with the model of Cannell and Smith
(1983); see methods section. However, as found for the SW model, maximum possible
budburst advancement due to warmer temperatures is strongly tied to the starting date

for counting degree-days (see Figure 2-4).
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Figure 2-8: Sensitivity of budburst date to 5°C warming above 20th century
conditions as a function of parameter under the CF model. Lines indicate correlations
with p<.05.

Uncertainty in parameter recovery led to a substantial increase in projected

budburst date uncertainty. Under 1902-1991 temperatures, the mean within-year 95%
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central range of budburst dates was 9.4 days. When 5°C was added to this temperature

dataset, this budburst date uncertainty increased to 30.3 days (Figure 2-9).
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Figure 2-9: The width in days of the 95% central range of projected budburst dates
from simulated data under the CF model. “Amberr” refers to dates projected under
20th century temperatures, while “hoterr” refers to error in projected dates with 5°C
added to the same temperature data.
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2.3.2 Parameter ldentifiability and Budburst Projections from
Observational Data

2.3.21 Spring Warming model

Under the SW model, the identifiability of parameters varied widely among
species. The 95% credible interval (CI) for the posterior distribution of the parameter
thresh was generally wide, from a minimum of 3.9 °C for Quercus macrocarpa to a
maximum of 168.6 °C for Carya ovata (Figure 2-10). About half of the species had median
values of thresh within the physiologically plausible range (above 0°C). These species
also had the narrowest CIs. The remaining species had very low and wide ClIs for thresh.
Extremely low values of thresh indicate that this parameter is measures time passed,
rather than total temperature exposure, suggesting that simple thermal time sum alone
is not a realistic model of how these species determine budburst dates.

For the startdate parameter, the posterior CI width ranged from 5 d for
Gymnocladus dioicus to 220 d for Ulmus rubra, with most species having wide intervals.
The three species with well identified values of startdate also had values of thresh in the
realistic range (Figure 2-10). However, some species with well identified thresh values
had startdate estimates that covered the entire winter period when temperatures are
consistently below the value of thresh. As with the findings from simulations, the

startdate parameter is unrecoverable under these conditions. The variance parameter
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was generally better behaved, and had a smaller and narrower CI when one or both of

the other parameters were well identified.
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Figure 2-10: Median parameter estimates (horizontal bars) and 95% credible intervals
(vertical bars) for posterior distributions of parameters under the SW model.
Parameter ranges are truncated for clarity. For species without visible values for the
threshold temperature, the entire credible interval falls below the truncation at -11°C.
Species with codes written in black have ring-porous wood anatomy. Species with
grey codes are diffuse-porous.

Using the 20 century weather dataset, the mean modeled budburst dates for the
various species ranged from April 4 (Aesculus glabra) to April 24 (Fraxinus americana;
Figure 2-11). Consistent with the observational data on these species (Augspurger et al.,
2005), Aesculus was the earliest species, with buds opening on average 10 days before the
next species. The uncertainty around these dates was generally smaller in species with
better identified parameters, ranging from 2 to 11 days.

When the temperatures in the weather dataset were increased by 5°C, all species
showed a shift to earlier budburst dates. The extent of this shift differed greatly among
species, with mean advancement ranging from 4 d (Carya ovata) to 26 d (Quercus
macrocarpa; Figure 2-11). The differences in budburst shifts among species resulted in
Aesculus glabra losing its place as the consistent first species to break bud; under the
warmer scenario, it had virtually the same mean budburst date (in late March) as Acer
saccharum, Celtis occidentalis and Quercus macrocarpa. The within-species range of
budburst dates due to parameter uncertainty increased for most species under the
warmer scenario. Some species, particularly those with narrow budburst CIs under the

20t century climate scenario and small changes in budburst date under + 5°C, showed
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little or no increase in the width of their budburst date CI under the warmer scenario.
However, the remaining species added between 5 and 17 days to their budburst
uncertainty window, with the CI for Acer saccharum expanding to 27 days (Figure 2-11).
Most species failed to phenologically keep up with rising temperatures. Only
Quercus macrocarpa, which had the most extreme shift in mean budburst date in response
to warming, showed a tiny (.2 °C) decrease in its mean temperature exposure during the
two weeks following budburst (Figure 2-12). Other species showed an increase in post-

budburst temperature ranging between .5 and 4 °C.
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Figure 2-11: Projected budburst dates for 13 tree species under 20th century and
elevated (20th century +5°C) temperatures under the SW model. Horizontal bars show
mean budburst dates. The black bars correspond to 20th century climate and the grey
bars to the warmer scenario. Vertical lines show the 95% central range of budburst
date values associated with model parameter uncertainty. Species codes written in
black indicate ring-porous wood. Species with gray codes are diffuse-porous.
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Figure 2-12: Temperatures during the two weeks following budburst for 13 tree
species under 20t century and elevated (20* century +5°C) temperatures under the SW
model. The black bars correspond to 20* century climate and the grey bars to the
warmer scenario. Horizontal bars show mean post-budburst temperatures, and
vertical lines show the 95% central range of post-budburst temperature associated
with model parameter uncertainty. Species with codes written in black have ring-
porous wood anatomy. Species with grey codes are diffuse-porous.
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2.3.2.2 Chilling-Forcing model

Under the CF model, parameters were generally not well identifiable for most
species. The parameter thresh was identified within a physiologically reasonable range
for Celtis, Juglans and the two Quercus species, all of which had similar parameter
identifiability under the SW model. Other species had unrealistically low values (and
wide CIs) for this parameter.

The chilling threshold parameter (ct), below which chilling days are counted, had
high values for nearly all species. The value of this parameter that is often uncritically
accepted in the literature is 5°C (but see Worrall, 1993). Only four out of 13 species had
this value within their 95% central credible intervals (Figure 2-13). All species had
values of this parameter topping out above physiologically (and meteorologically)
meaningful ranges. While counting any temperature below 40°C as “chilling’ is clearly
ridiculous, such parameter values could still tell us something about the regulation of
phenology. When the ‘chilling’ threshold is very high, every day is counted as a chill
day, and this parameter is relegated to simply charting the passage of time, as would be
the case if photoperiod was the dominant safety mechanism. It is also important to note
that when the value of the parameter hh is relatively high, very few chilling days are
required to reduce the CF model to essentially the same form as the SW model, so high

values of ct in this circumstance have no meaning.
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The parameter ff was generally identified to within a relatively narrow range
(Figure 2-13). This represents the total number of degree-days needed to burst bud
when the chilling requirement is essentially satisfied, a quantity that was calculated
directly under the SW model. To the extent that variation was seen in this parameter, it
was typically trading-off with the thresh parameter.

The additional degree-days required to burst bud when no chilling exposure has
accrued are represented by the parameter g¢. This parameter had a very wide CI for
nearly all species (Figure 2-13; note log scale of y-axis for this parameter). However the
value of gg is largely meaningless when the parameter (hh) that mediates decay rate as a
function of chilling of is relatively large (i.e. >0.1). This was the case for all but two

species, Carya ovata, and Tilia americana.
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Figure 2-13: Median parameter estimates (horizontal bars) and 95% credible intervals
(vertical bars) for posterior distributions of parameters under the CF model.
Parameter ranges are truncated and ff, gg, and hh are plotted on a log scale for clarity.
For species with no visible values for the chilling threshold (ct), the entire credible
interval falls above the truncation at 31°C. Species with codes written in black have
ring-porous wood anatomy. Species with grey codes are diffuse-porous.
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While most of these parameters were poorly identified for most species, they still
traded off with one another to produce sensible budburst projections (Figure 2-14).
Indeed, the mean values and relative timing of the species differed little from the
projections of the SW model, with most species bursting bud on average in late April,
except for Aesculus glabra which is consistently a few weeks earlier than other species.
However, the projections resulting from the CF model generally had wider credible
intervals due to parameter uncertainty than those generated with the SW model. As
under the SW model, projected budburst dates were much earlier, but also less certain,
under the 5°C warming scenario. A similar (but not identical) list of sensitive species
virtually caught up with Aesculus glabra to form a group of phenologically precocious
species (Figure 2-14). However, no species completely tracked the climate change
scenario, with all showing at least a slight increase in the average temperature following

budburst (Figure 2-15).

2.3.2.3 Comparison of fits by model type

While the preceding sections have shown that parameters can be quite difficult
to identify under standard budburst models, it is still of interest to compare the basic fits
of the models as would be done in a typical phenological study. Typically the selected
set of parameters is the one with the “best’ fit, which can be defined in many ways.

Here, I selected the set of parameters with the lowest RMS error between observed and
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predicted budburst dates from among the 1,000 retained sets of parameters for each
species under each model type. As a point of comparison, I also show a null model
(‘photoperiod’) under which budburst is assumed to happen on the same date each year.
The SW model was able to improve over the photoperiod model in all cases, particularly
for species that had high variability among years (Table 2-2). The CF model was
sometimes a slight improvement over the SW model, but it typically had a worse fit, and
occasionally had a slightly worse fit than even the null model.

Table 2-2: Minimum root-mean-square (RMS) error of observed vs. predicted
budburst dates under different model types. The numbers for the SW and CF model
represent the lowest error rate (i.e. best fit) of the 1,000 sets of parameters in each

species” MCMC chain from the previous sections. The ‘Photoperiod” model assumes
that budburst happens on the same day every year.

RMS error (days) by model type
Species CF SW Photoperiod
ACSAc 7.7 7 9.8
AEGLc 3.4 2.7 5.6
CACOc 4.2 3.6 5.7
CAOVc 6.3 6 6.2
CEOCc 4.6 4.7 9.4
FRAMc 4.5 3.2 5.8
GYDIc 4 2.2 6.4
JUNIc 4 2.8 7.1
QUMAC 3.6 3.6 9.2
QURUC 2.8 3 7.4
TIAMc 53 3.6 5.7
ULAMCc 3.6 3.4 5
ULRUc 6.3 5.3 5.7
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Figure 2-14: Projected budburst dates for 13 tree species under 20th century and
elevated (20th century +5°C) temperatures under the CF model. Horizontal bars show
mean budburst dates. The black bars correspond to 20th century climate and the grey
bars to the warmer scenario. Vertical lines show the 95% central range of budburst
date values associated with model parameter uncertainty. Species with codes written
in black have ring-porous wood anatomy. Species with grey codes are diffuse-
porous.
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Figure 2-15: Temperatures during the two weeks following budburst for 13 tree
species under 20th century and elevated (20th century +5°C) temperatures under the
CF model. The black bars correspond to 20th century climate and the grey bars to the
warmer scenario. Horizontal bars show mean post-budburst temperatures, and
vertical lines show the 95% central range of post-budburst temperature associated
with model parameter uncertainty. Species with codes written in black have ring-
porous wood anatomy. Species with grey codes are diffuse-porous.
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2.3.3 Uncertainty of overall growing season length

Under typical central Illinois conditions, leaf senescence begins on 8 October for
an average forest tree (C.K. Augspurger, unpublished data). This date is used here as a
basis for calculating relative changes in growing season length under the budburst
scenarios discussed in the previous section.

For the SW model, warming by 5°C hastened mean budburst dates between 4
and 26 days, depending on species. This is equivalent to a 2.2% to 15.6% increase in
growing season length. The 95% credible interval around these dates due to parameter
uncertainty ranged from 1.1% to 5.9% of the growing season under 20* century
conditions, and from 1.8% to 13.1% under the 5°C warmer scenario.

Among species, the projected mean hastening of budburst with 5°C warming
under the CF model ranged from 10 to 23 days. This amounts to an increase of between
6% and 14% in the amount of time trees have for photosynthesis during a growing
season. Under the 20t century climate scenario, species’ parameter-derived CI width
ranged from 2.4% to 5.0% of the growing season. Under the increased temperature
scenario, this uncertainty became much larger, ranging up to 15.7% of the growing

season for Acer saccharum.
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2.4 Discussion

This chapter has presented a case study of uncertainty in temperate tree function
under climate change. It has addressed the overlooked problem of uncertainty in
phenological models” parameter estimates, and shown that this problem can be
substantial, even when relatively long (18 years) datasets are available. The relationship
between parameter uncertainty and precision of projected budburst dates is complex,
but the clear message is that parameter uncertainty does matter.

The inability of the more complex CF model to improve over the SW or even in
some cases the null “‘photoperiod” model suggests it is of very limited use in projecting
future budburst dates. While no formal model selection was attempted here, it is clear
that the CF model would fail almost any selection criterion. There may be several (non-
exclusive) reasons for this failure. The first is the extreme difficulty of exploring high-
dimensional parameter spaces. However, longer MCMC runs attempted on some
species showed qualitatively similar lack of parameter identifiability under the CF
model (results not shown). Another is that the exact form of the CF model may be
physiologically incorrect. In any case, such budburst models struggle with some of the
same difficulties that would result from simple extrapolation of current budburst trends:

namely, the danger of extrapolating beyond the range of available data.
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Ultimately, uncertainty in growing season length as projected here is substantial
enough to affect the overall carbon balance of the terrestrial biosphere. This chapter,
and all other credible reports of which I am aware, suggest that tree growing seasons
will lengthen in a warmer climate. Thus, temperate forests will certainly have more time
available for CO: uptake. However, the level of uncertainty in these projections limits
the extent to which longer growing seasons can be relied upon under carbon accounting
schemes. Because the goal of atmospheric greenhouse gas management is to make the
probability of some level of warming very small, calculations cannot be based on mean
or median values, but rather an extreme quantile corresponding to acceptably small risk
values (Lieberman et al., 2007). In the case of a small variance and narrow credible
interval, extreme quantiles do not matter so much. When uncertainty is higher, as
observed here, extreme values cannot be ignored.

The dramatic shift to earlier budburst with warmer temperatures was
unexpected in ring porous species given the sensitivity of their water transport system
to frost induced dysfunction. This brings up the counterintuitive possibility that frost
risk may increase with global warming, particularly if weather fluctuations become
more extreme, as is predicted by some models (IPCC, 2007). Increased frost damage due
to poorly timed leaf growth may erase any photosynthetic gains due to longer growing

seasons (Augspurger, 2009). These possibilities, and the projective uncertainties
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demonstrated by this research, highlight the need for basic mechanistic understanding
of budburst physiology in trees.

While species-level uncertainties in growing season length mostly below 10%
may seem small, they could have a disproportionate influence on the carbon balance of
forests. A recent study has found that a 20% phenological difference in growing season
length corresponded with about a 50% change in annual net ecosystem productivity in a
forest in Indiana (Dragoni et al., 2011). While the mechanism for this relationship was
not explored, it could be that trees need a certain percentage of the growing season just
to ‘break even’ in terms of productivity, as is seen in alpine plants (Korner, 1999). Thus,
the uncertainties reported in this study could have disproportionate impacts on tree and
forest productivity.

Climate change can perturb forest carbon balance in many ways. The basic
physiology of trees is sensitive to temperature. Many biochemical processes underlying
photosynthesis are faster under warmer temperatures (Way and Oren, 2010). However,
this benefit may be neutralized by quick re-acclimation of photosynthesis to ambient
temperatures (Gunderson et al., 2010). Respiration, or the physiological re-conversion of
photosynthates to CO2, can also reverse carbon gains from various sources. The
conventional view of respiration is that it doubles with every 10 °C increase in

temperature, posing obvious problems in a warmer climate. However, recent studies
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have shown that trees down-regulate respiration in the face of warmer temperatures on
the scale of a few days (e.g. Lee et al., 2005). Complete local destruction of forests can be
caused by fire or insect outbreaks, both of which may be exacerbated by warmer
weather (Kurz et al., 2008; Westerling et al., 2006). Extreme weather can have similar
impacts. Carbon released from trees damaged and killed by Hurricane Katrina is
estimated to be equivalent to a year of CO: fixation for all forested areas of the United
States (Chambers et al., 2007). This research has added uncertainty in growing season

length to this list.
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3 The limits to growing season length: An experimental
study from the northern and southern margins of the
eastern deciduous biome

3.1 Introduction

Changing phenology is an early warning of climate change impacts on forest
carbon balance and biodiversity (Walter et al., 2002). Most north-temperate zone
vegetation is greening up earlier (Parmesan and Yohe, 2003, Piao et al., 2006), with
potential feedbacks to the climate system. In deciduous trees, earlier budburst and later
leaf drop prolong the growing season, potentially increasing plant growth and
dampening atmospheric COz accumulation (McMahon et al., 2010; Keeling et al., 1996).
Phenological shifts can impact biodiversity through shading of seedlings and frost
damage to new leaves (Kwit et al., 2010). Here we use a unique field-based
manipulative experiment to ask whether temperate trees have the physiological or
evolutionary capacity to adjust their growing seasons to match changes in climate.

Maintaining optimal phenology in a changing climate requires tracking changes
in temperature. For trees, maximizing the growing season is essential; small changes in
growing season length can result in disproportionate changes in carbon balance
(Dragoni et al., 2011; Korner, 1999). However, bursting bud or germinating too early can
subject vulnerable developing leaves to frost damage (Augspurger, 2009). Because it is

difficult to identify an optimal time for budburst, we adopt the temperature experienced
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by plants during phenological transitions as a new metric (Figure 3-1) to determine if
plant growing seasons expand slower or faster than the window of suitable weather. A
species that tracks climate change ideally would break bud in essentially the same
temperature conditions even with substantial warming (scenario 3 in Figure 3-1) as is
predicted for some chilling and photoperiod insensitive species (Kérner and Basler,
2010a; but see Chapter 1). More conservative species may under-compensate (e.g. Morin
et al., 2010; scenario 1 in Figure 3-1), breaking bud in warmer temperatures and missing
part of the potential growing season. Some species may phenologically
overcompensate, breaking bud in colder weather, increasing their risk of frost damage
(Hanninen, 1991; Scenario 2 in Figure 3-1).

Optimal phenology depends on light availability, particularly when light is a
limiting resource (Lopez et al., 2008). Many tree species break bud earlier as seedlings
than adults (Augspurger and Bartlett, 2003). This provides an early spring window of
light that can account for most of a seedling’s annual carbon uptake (Harrington et al.,
1989; Xu et al., 2007). Some species are known to break bud earlier after a growing
season in the dim understory than following a season in a bright clearing (McGee, 1986).
More light is gained from additional days in the spring than in the fall, particularly in
the understory (Figure 3-2; Harrington et al., 1989). If plants are adapted to make

optimal use of this light resource, we expect that the seedlings in our experiment will
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show a greater phenological response to warming in the understory than in the gap, and

in the spring compared to the fall.

— 20th century mean temperature
20th century + 5°C -]

Average temperature (°C)

0 20 100 150

Day of year

Figure 3-1: Three scenarios for phenological responses of trees to climate change.
The solid line represents ‘ambient’ temperature (in this case it is the 20th century
daily average temperature for Champaign, Illinois). The dashed line is a simple
warming scenario in which 5°C is added to the baseline temperature. The dot
represents the date and temperature (~15°C) of budburst under the ambient scenario.
The three numbered arrows show possible response scenarios that are detailed in the

text: 1) under-compensation, 2) over-compensation, and 3) tracking of temperature
changes.
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Figure 3-2: A cartoon of light availability to canopy and understory plants in a generic
temperate forest understory. Understory plants have more to gain from growing
season extension in the spring than in the fall. This is because spring (left shaded

area) occurs closer to the summer solstice when above-canopy light is brighter and
shading by branches and trunks is smaller than during the fall (right shaded area).

Even if the phenology of individual trees is badly timed in a warmer future, tree
populations may be able to adjust to a new climate evolutionarily. Within-species
variability in the timing of leaf growth and drop has long been noted when genotypes of
a species from different regions are planted in a common garden (see Chapter 1, Table 1-
1). Further, budburst timing is known to be a heritable trait (Nienstaedt, 1974), so
should be evolutionarily affected by selective pressures. Dispersal from other parts of a
species’ range could provide the genetic variability required to adapt to changing
temperatures. However, most tree species are unlikely to disperse as fast as the climate

is anticipated to change over the 21 century (McLachlan et al., 2005; Loarie, 2009).
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Alternatively, within-population phenological variability could also be a source of
adaptive evolutionary changes of phenology to climate change (Figure 3-3). Because
heritability of any trait is dependent on its phenotypic expression, phenological
variability must be expressed in the new (warmer) environment for it to serve as a

selective basis for adaptation (Husby et al., 2011).
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Figure 3-3: Phenological variability is a potential source of adaptation to changing
climate, even if the population-level mean response is incorrect. This figure
illustrates this principle for budburst date. In Scenario A, the range of phenological
dates within a population (horizontal line) doesn’t shift early enough to track the
optimal phenological date (open circle). In Scenario B, the optimal dates remain the
same, and so do the midpoints of the budburst date distribution. However, the wider
date distribution means that some plants break bud near the optimal date under the
warmer scenario.
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To understand how climate-driven shifts in phenology will affect forest carbon
balance and biodiversity, we pose a series of questions about how different tree species
will track changes in their environment:

1) Are trees able to phenologically track changes in temperatures, or will they
over- or under-compensate, leading to greater frost risk or missed carbon
gain?

2) Does greater reliance on early spring photosynthesis lead to greater
temperature sensitivity of events in the spring (compared to the fall) and
understory (compared to the gap)?

3) Is there sufficient variation within species for some plants’ phenology to
remain optimal even if population-level means do not?

Our research addresses these questions using a field-based experiment that
realistically simulates a warmer climate. By directly heating air and soil in a series of
open-topped warming chambers in forest understories and gaps in sites at both ends of
the eastern deciduous biome, we experimentally apply sufficient manipulations to
temperature and light to answer questions that are not accessible from natural

variability in phenological dates alone.
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3.2 Methods
3.2.1 Study sites and experimental design

Our research was carried out at two sites that bracket the eastern deciduous
biome of North America. Similar experimental infrastructure was built in Duke Forest
and Harvard Forest, hereafter abbreviated DF and HF. The DF site is located near
Hillsborough, North Carolina at latitude 36.0° N and an elevation of 180 m. The mean
annual temperature is 14.5 °C with annual precipitation of 1208 mm, nearly all of which
falls as rain. The HF site is in Petersham, Massachusetts, at 42.5° N latitude and 340 m
above sea level. The annual temperature averages 7.5 °C with 1183 mm of precipitation.
The ground is typically snow covered from about December to March.

At each site, we created an artificial gap in the summer of 2008 by removing all
trees while trying to minimize soil disruption. The gaps were about 25 m by 55 m with
their long axis oriented roughly north-south. Within the gap, we established 12
rectangular open-topped chambers with a footprint of about 5.1 m x 3.2 m. Within each
chamber two areas 4.6 m x 1.05 m each were designated as experimental space where
every effort was made not to step, preventing soil compaction. A walkway between
these areas allowed easy access to all parts of the chamber. Of the 12 chambers, nine are
made of transparent plastic greenhouse sheeting attached to wooden frames about 2.5 m

high. The remaining three chambers were controls, with similarly high walls made of 1”
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plastic mesh. They replicate the deer exclusion of the other chambers while avoiding
passive warming due to constricted airflow. The nine walled chambers were divided
into three blocks of three based roughly on topographical position relative to
intermittent streams. Three temperature treatments (Ambient, +3°C and +5°C) were
randomly assigned to the chambers within each block. To avoid confusion, we
subsequently refer to the temperature treatments with the following abbreviations: C for
control with fencing, but no chamber walls, A for ambient with chamber walls but no
active heating, and 3° and 5° for +3°C and +5°C active heating. The A, +3 and +5
chambers were completed in the spring of 2009, and the C chambers in the spring of
2010.

The same construction process was applied in an adjacent area of intact forest
understory. The only difference from the gap chambers was shorter walls (1.5 m high)
because of slower plant growth in the shade.

To record treatment temperatures, each chamber was outfitted with three soil
thermistors (resistors whose resistance changes as a function of temperature, Campbell
Scientific type 109) buried 5 cm in the mineral soil and two air thermistors housed
within solar radiation shields 20 cm above the ground. In addition, each chamber
received one TDR (Campbell Scientific CS616) volumetric soil moisture sensor with 30

cm tines inserted at 30° from horizontal so readings integrated over the top 15 cm of
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mineral soil. A photosynthetically active radiation (PAR) sensor (Apogee Instruments
model SQ110) was mounted 1 m above the ground and an RH sensor (Precon model HS-
200V) was housed in a radiation shield mounted the same way as the air thermistors.
Data from all sensors was logged to Campbell Scientific CR1000 dataloggers using
AM16/32B multiplexers.

In the 3° and 5° chambers the soil and air were heated independently. To heat
the soil, electric resistance cable was buried 10 cm deep, and looped back and forth at 20
cm spacing covering an area reaching 10 cm beyond the edge of the experimental areas.
To minimize soil disturbance, burial was done by inserting a flat shovel into the ground
and gently rocking it back and forth to open up a slot just wide enough to push the cable
to the required depth. After placement of the cable, the soil was massaged back into
place to close the holes as gently as possible. To maintain consistent temperatures
relative to the control chambers we used a simple algorithm in which temperatures were
read every five minutes, and cables were turned off if a chamber was too hot, and on if it
was too cold. As a disturbance control, we buried un-energized wire in the same pattern
as the heating cable in the A chambers, but not the C chambers.

Air was heated indirectly with propane. At each site, propane was burned in
three 250,000 BTU boilers heating a mixture of water and propylene glycol (a non-toxic

antifreeze) which was pumped to each +3 and +5 chamber. Inside of a wooden housing,
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the fluid flowed through a heat exchange coil. Air was sucked through the coil with a
large electric fan, and forced into the chamber where it was distributed through eight
transparent 6” diameter ducts. The ducts were perforated along their underside to
distribute heated air evenly throughout the chamber. In the A chambers, the blower and
duct setup was repeated, but with no coil to provide heat. This had the benefit of
flushing air regularly through the chambers to reduce passive heating by the sun. The C
chambers had no air delivery infrastructure. Chamber air temperature was roughly
controlled by maintaining a consistent heat delivery rate. Valves were adjusted to

deliver more heat to +5 chambers and less to +3 chambers.

3.2.2 Planting and plant measurements

Each chamber’s experimental areas were gridded at 15 cm spacing for a total of
420 planting points. Each point was marked with a golf tee. Seeds of many species
(Table 1) were planted at randomized positions in late spring 2009, fall 2009 and spring
2010. Many seeds from nearby trees germinated in the chambers. If these were within
the experimental area, they were generally tagged and treated as study plants.
However, vegetative sprouts and all non-tree plant species were weeded from the
chambers.
Table 3-1: Key to species codes and seed origins. Each code represents a unique
combination of species and seed origin. Seeds from Duke Forest, Harvard Forest and

Whitehall Forest were collected by project personnel or recruited directly into
chambers. Other seeds came from commercial sources, either Sheffield’s Seed
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Company (Sheff) or the US Forest Service (USFS). The ‘where grown’ column lists
which experimental sites different seed types were grown in (DF: Duke Forest, HF:

Harvard Forest).

Code Species Seed Origin Where Grown
acruDF Acer rubrum Duke Forest, NC DF, HE
acruHF Acer rubrum Harvard Forest, MA  HF
bealHF Betula alleghaniensis Harvard Forest, MA  HF
bepoHF | Betula populifolia Harvard Forest, MA  HF
lituDF Liriodendron tulipifera Duke Forest, NC DF
lituKY Liriodendron tulipifera Kentucky (Sheff) DF, HF
nysyDF Nyssa sylvatica Duke Forest, NC DF, HF
pipaGA | Pinus palustris Georgia (USFS) DF, HF
pistNY Pinus strobus New York (Sheff) DF, HF
pitaDF Pinus taeda Duke Forest, NC DF
pitaGA Pinus taeda Georgia (Sheff) DF, HF
qualDF Quercus alba Duke Forest, NC DF, HF
qualWH | Quercus alba Whitehall Forest, GA  DF, HF
quruHF Quercus rubra Harvard Forest, MA  DF, HF

Starting in early spring, the chambers were censused on a weekly basis. New

germinants were tagged and recorded. The height of actively growing plants was

measured, and the phenological stage of their developing foliage assessed on a scale

from 1 (no bud activity) to 6 (fully expanded and hardened leaves) following a protocol

based on Norby et al. (2003). The same set of measurements, apart from germination,

was done on plants that had germinated during the previous year. Censuses were

performed less frequently during the summer. In the fall, the census interval returned to

weekly, and dates of leaf senescence and leaf drop were recorded following Augspurger

and Bartlett (2003). For all subsequent analyses ‘budburst’ refers to plants reaching
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stage 3. Photosynthetic studies have shown that leaves of temperate trees have a

positive carbon balance beginning around this stage (Keel and Schadel, 2010).

3.2.3 Data analysis

To evaluate impacts of different treatments, we used regression with
phenological dates (or growing season lengths) as the response variable. For most
species, the model intercept was the expected date of an event in an understory ambient
chamber in DF. Gap, temperature treatments (+3 °C or +5 °C), and growing in HF were
treated as additive factors. In some cases, too few plants were available in a treatment to
estimate an effect for that treatment. In the case of a species/origin combination grown
only in HF, the intercept refers to ambient shade chambers at that site. To detect size-
related phenological shifts, plant height was included as a covariate for budburst and
leaf senescence dates. All analyses were done with R version 2.12.1 (R core development

team, 2011) using the Im() function.

3.3 Results
3.3.1 Experimental manipulations

The chamber-based heating system proved to be an effective method for
manipulating the growing environment. During 2010, mean annual air temperature
ranged from 8.6 °C to 12.4 °C among the chambers at Harvard Forest, and from 14.3 °C

to 19.1 °C among the Duke Forest chambers. Annual soil temperatures at Harvard
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Forest averaged between 9.0 and 14.8 °C and from 13.9 to 20.4 °C at Duke Forest.
Compared to air temperature, soil temperatures were easier to precisely control.

Similarly, understory temperatures fluctuated less than gap temperatures (Figure 3-4).

3.3.2 Phenological shifts due to temperature, light and plant height
3.3.2.1 Germination dates

For nearly all species, germination dates were earlier when temperatures were
warmer. This is true both for active heating applied in chambers, and for temperature
differences between the two study sites (Table 3-2). However, the magnitude of these
effects varied widely among species. Birch species typically showed a small and usually
insignificant delay of their germination dates due to warming. Black gum germination
was hastened by a month and a half in the warmest chambers. There was also variation
by seed origin within species. Red maple from Harvard Forest showed several times the
sensitivity to warming (about 7 weeks) than did the same species from Duke Forest
(about 2 weeks). A similar, but less extreme pattern was seen between origins for white

oak.
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Figure 3-4: Mean daily air and soil temperatures in example chambers at the Duke
Forest warming site relative to average ambient chamber temperature in the same
canopy cover treatment. The solid line is a chamber targeted to +5°C and the dotted
line is a chamber targeted to +3°C. Horizontal dotted lines show 3° and 5° C.
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Table 3-2: Sensitivity of seed germination date to different treatments. The first four
columns of numbers report responses of the first treatment in units of days relative to
the second treatment. As an example, the first entry means that red maple germinated
40.7 days earlier in Duke Forest than in Harvard Forest. The last two columns show
the per-degree shift of germination relative to unheated chambers in the two heated
treatments. Abbreviations: DF: Duke Forest, HF: Harvard Forest. Significance codes:
0 < ***<0.001 < ** <0.01 <*<0.05<.<0.1. Full regression tables for each species are
found in the appendix.

Proportional shift
(d/°C)
Species DF vs. HF Gap vs. +3°Cvs.  +5°Cuvs. In +3°C In +5°C
Shade ambient ambient chambers chambers

acruDF -40.7 *** -1.7 -14.0 *** -12.5 *** -4.7 2.5
acruHF -- 8.5 -47 .2 *** -44.7 *** -15.7 -8.9
bealHF - - -1.7 15.0 *** -0.6 3
bepoHF - -14.7 -7.6 1.8 2.5 04
lituDF - -5.9 -7.7 -18.1 ** 2.6 -3.6
lituKY -55.7 *** -9 -15.2 ** -14.6* -5.1 29
nysyDF -55.9 *** -8 -28.8 *** -46.43 *** -9.6 9.3
pipaGA -71.8 *** 7 -10.4 *** -12.2 *** -3.5 24
pistNY -68.1 *** -2.3 -6.0 -12.0* -2 2.4
pitaGA -71.0 *** -3.6 -13.1 ** -8.6. -4.4 -1.7
qualDF -37.6 *** 9.9 ** -17.4 %% 22,1 *** -5.8 -4.4
qualWH -54.3 *** -4.9 -23.7 ** -30.0 *** -7.9 -6
quruHF -60.3 *** -7 -24.9 *** -32.4 *** -8.3 -6.5

Although nearly all species germinated earlier in a warmer environment, this
ability to shift germination dates in response to warming saturates at higher
temperatures. For many species, germination dates were, on average, later in chambers
heated to +5°C than in chambers heated to +3°C. For most species, the per degree

advancement of germination date was less in +5 °C chambers than in +3 °C chambers.
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Light environment had little effect on germination dates. Most species showed a
small, weak, trend toward slightly earlier germination in the gap (Table 2). Only white
oak seeds from Duke Forest showed a strong trend toward later germination in high

light.

3.3.2.2 Budburst

The timing of budburst showed broadly similar patterns to germination. Low
germination rates in 2009 limited the number of species available for budburst
observations in the spring of 2010. However, for species with at least 30 plants available,
2010 budburst was consistently hastened by heating treatments (Table 3-3). As with
germination, budburst dates showed a decreased per-degree temperature sensitivity
when chamber heating was increased from +3 °C to +5 °C. Contrary to expectation,
species did not avoid canopy shade with earlier budburst in the understory. Only a pine
species, which as an evergreen can avoid shade without risking early budburst, showed
a significant shift toward later budburst in the gap (Table 3-3).

Plant height had no discernable effect on budburst date (Table 3-3).
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Table 3-3: Sensitivities of budburst date to different treatments. The first four
columns of numbers report responses of the first treatment in units of days relative to
the second treatment. As an example, the first entry means that red maple burst bud
22.7 days earlier in Duke Forest than in Harvard Forest. The last two columns show
the per-degree shift of budburst relative to unheated chambers in the two heated
treatments. Abbreviations: DF: Duke Forest, HF: Harvard Forest. Significance codes:
0 < *** < 0.001 < ** < 0.01 <*<0.05<.<0.1. Full regression tables are found in
appendix A.

Shift from ambient
(d/°C)
Species | DF vs. Gapvs. +3°Cvs. +5°Cvs. Height In+3°C In +5°C
HF Shade ambient  ambient (d/cm) chambers chambers

acruDF | -22.7 *** 1.1 7.3 -6.6 *** -.01 24 -1.3
acruHF - -1.5 -4.2 *x* -2.5* -.39 -14 -0.5
listDF - 4 -14.0 *** -10.3 *** .05 -4.7 -2.1
lituDF - 5 -10.2 *** -11.8 *** -.01 -3.4 -24
pitaDF - 7.5 ** 7.5 *** -6.8 *** -.05 -2.5 -14

3.3.2.3 Senescence

All species maintained leaves later when heated, with the sole exception of one
origin of red maple in the hottest chambers. However, the magnitude and significance
of this effect was idiosyncratic among species, origins and treatments (Table 3-4). Over
half of species senesced later in the +3°C treatment than in the +5°C chambers.

Most species showed little change in senescence dates as a function of their
height. The largest, and most significant, shift was seen by white oaks from Duke Forest
seed. They showed a delay of one day for each additional centimeter of height (Table 3-

4). While this sounds substantial, an analysis of interaction terms showed that this effect
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was very weak in the gap. In the understory, plant heights varied by only a few
centimeters, limiting the impact of this trend (Appendix A, Table A-32). In the heated
chambers in the DF understory, white oak seedlings showed a bimodal senescence
pattern (note distribution along the x-axis in Figure 3-5). Some seedlings senesced
following a late-summer drought. Those that endured kept their leaves much later than
plants in unheated chambers. The largest, most robust plants were more likely to keep
their leaves until the late fall (Figure 3-5), likely driving the observation that taller plants
senesce later on average.

Table 3-4: Sensitivities of senescence date to different treatments. The first four
columns of numbers report responses of the first treatment in units of days relative to
the second treatment. As an example, the first entry means that red maple senesced
19.1 days later in Duke Forest than in Harvard Forest. The last column gives the effect
of an additional centimeter of height on senescence date. Abbreviations: DF: Duke

Forest, HF: Harvard Forest. Significance codes: 0 < *** < 0.001 < ** <0.01 <*<0.05<.<
0.1. Full regression tables are found in Appendix A.

Species DF vs. Gap vs. +3°Cvs.  +5°Cus. Height
HF Shade ambient ambient  (days/cm)
acruDF 19.1 % 27.0*** 6.0 . -3.6% A3 %
acruHF - 8.3 *** 3.1. 5.8 ** .65
bealHF - - 8.5 ** 12.5 *** -.02
bepoHF | -- -10.9 17.8 *** 15.1 *** -.001
listDF -21.5 9.7 19.0 * 17.0 11
lituDF - 39.6 *** 19.1 3.7 - 13 **
lituKY 9.1. 19.9 *** 10.2* 25.6 *** .09
nysyDF | -2.67 26.0* 9.8 1.5 .04
qualDF 253 % 253 % 12.5** 7.2 %% 1.07 ***
qualWH | 13.3. 21.0** 21.8** 22.7 ** .66
quruHF | 64 5.9 16.3 ** 12.6. .06
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Figure 3-5: Senescence date as a function of plant height for white oak seedlings from
local seed in the warmest (+5°C) understory chambers in Duke Forest. Dashed lines
represent regressions through the 10%, 50% and 90% quantiles of plant height.

3.3.3 Is phenology tracking temperature changes?

Nearly all species undercompensated in their phenological shifts when exposed

to warmer temperatures. Rather than tracking temperatures so that events always
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occurred at about the same temperature, the growing environment immediately
following germination or budburst, or immediately preceding senescence, was typically
warmer than in unheated chambers. This effect is shown for germination dates in
Figures 3-6 and 3-7. The few species that showed the opposite of this trend (i.e. qualDF
in the gap) had a very high sensitivity of germination date to warming (full results not

shown). Other sites and events had qualitatively similar results.
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Figure 3-6: Mean temperature during the 14 days following germination for species
growing in the DF chambers. Solid dots are plants from the forest understory, and
open circles are from the gap. Only temperature/light treatment combinations with at
least 10 plants are shown. Error bars show standard errors.
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Figure 3-7: Mean temperature during the 14 days following germination for species
growing in the HF chambers. Solid dots are plants from the forest understory, and
open circles are from the gap. Only temperature/light treatment combinations with at
least 10 plants are shown. Error bars show standard errors.
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3.3.4 Intraspecific variation

While most species’ phenological dates showed a clear response to one or more
environmental manipulation, there was a remarkable degree of intraspecific variability
in phenological dates within individual treatments. One manifestation of this variability
is the low R? values for the various models; they rarely exceed 0.3 (Appendix A). More
dramatically, this variability is also seen in the three month range of senescence dates for
white oak within an individual chamber (Figure 3-5). This level of within-chamber
variability was also seen in germination dates (not shown). Most species had sufficient
variation in germination dates that at least some plants kept up with the optimum time
to germinate (Tables 3-8, 3-9). Although it was difficult to test for trends as a function of
temperature treatment among a relatively small number of chambers, the variance of
phenological dates for qualDF in shade chambers at DF, where this species was most
abundant, was consistently high. The standard deviation of germination date ranged
between 22 and 30 days among chambers; for leaf senescence, this range was 27 to 39
days. This variation was sufficient that at least some plants germinated near the ideal

germination date for most combinations of species and treatment (Figures 3-8 and 3-9).
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Figure 3-8: Range of germination dates (5% to 95% quantiles) as a function of soil
temperature treatment for five species grown in Duke Forest. The solid lines refer to
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3.3.5 Growth and development consequences of phenological shifts

Plants of all species germinating in 2010 grew more when they germinated
earlier (negative coefficients in Table 3-5). In most cases, this trend was highly
significant. However, the effect was small, never greater than 3.1 millimeters of growth
for each additional day of earlier germination. When interactions between germination
and heating were tested, most species showed no significant trend. The exceptions were
black gum from Duke Forest which showed an additional disadvantage of heating when
germinating late, and gray birch from Harvard Forest which showed the opposite
pattern (full results not shown).

For overwintering plants breaking bud in 2010, doing so in a warmer
temperature led to faster leaf development from stage 3 (budburst) to stage 5 (fully
expanded but unhardened leaves; Figure 3-9). A model fit with an interaction term
between stage 3 to 5 development time and species showed that this rate differed little
among the five species with sufficient data (full results not shown). However, the
intercept for pitaDF was significantly higher, by about 40 days, than the other species,

reflecting the different growth patterns of this gymnosperm.
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Figure 3-10: Number of days between reaching spring phenology stages 3 (budburst)
and 5 (fully expanded but unhardened leaves) as a function of air temperature during
the two weeks following budburst. The line is a least squares fit to the data.
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Table 3-5: The relationship between germination date and total height growth during
the first growing season. The negative coefficients indicate that earlier germinating
plants grew taller. Significance codes: 0 < *** <0.001 < ** <0.01 <*<0.05<.<0.1

Species Change in 1¢ year
height growth with
germination date
(cm/d)
acruDF -.049 ***
acruHF -.029 ***
bealHF -.085*
bepoHF -.310.
lituDF - 118 ***
lituKY -.067 ***
nysyDF -.078 ***
qualDF -.015 ***
qualWH -.046 .
quruHF -.058 *

3.4 Discussion

We have shown that germination and budburst happen earlier with warming for

nearly all species, but that this sensitivity decreases as temperatures increase. At the end

of the growing season, leaf senescence happens later with warmer temperatures, but

shows a similar saturation effect. This study is unique in showing that, for nearly all

events and species, warming leads to plants’ leafy season beginning and ending in

warming temperatures, suggesting the full potential growing season is not being used.

Taken together, these results show that temperate trees have a limited capacity to extend
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their growing seasons to track warmer temperatures, constraining their ability to act as
bigger carbon sinks in a warmer future.

The finding that budburst occurs earlier with warming is consistent with many
lines of evidence. Nearly all correlational (e.g. Doi and Katano, 2008), experimental (e.g.
Norby et al., 2003) and modeling (e.g. Morin et al., 2008) studies agree with this finding.
That budburst shifts decrease proportionally with increasing temperature has also been
suggested by various theoretical and experimental results (e.g. Sarvas, 1974; Morin et al.,
2008; but see Hanninen, 1991). This is to be expected in species that have a chilling or
photoperiod-based safety mechanism to prevent premature budburst (Kérner and
Basler, 2010a). It may also be a more general feature even of temperate trees that lack
such a safety mechanism (Chapter 1). However, other field-based demonstrations of
this phenomenon have been rare. We are aware of only a single study that shows a
slight trend toward smaller shifts in budburst at higher temperatures for three European
oak species (Morin et al., 2010). To our knowledge, this is the first experiment to clearly
demonstrate non-linear changes in phenological dates with increasing temperatures for
a broad suite of tree species in a forest environment.

Our finding that there was little differentiation between gap and understory
dates of germination or budburst is unexpected in light of previous studies. Many

temperate trees have earlier budburst dates when growing in the forest understory than
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in higher light areas (e.g. McGee, 1976, 1986). The reason for this is clear: the early
spring window of light before canopy leaves are grown accounts for a large proportion
of seasonal photosynthesis in the understory (Harrington et al., 1989; Kwit et al., 2010).
While our findings appear to contradict these results, plants in this study did germinate
and break bud in cooler conditions in the understory (Figures 3-6, 3-7). This suggests
that understory plants tolerate greater frost risk in exchange for light interception,
consistent with our expectations.

The autumn prolongation of plants’ growing season due to high light is, to our
knowledge, a new result. This finding is contrary to predictions that understory plants
have more to gain from risking frost damage. However, this tradeoff is probably less
relevant in the autumn than in the spring. There is more understory light available
before spring budburst than after fall leaf drop because budburst occurs much closer to
the summer solstice (Figure 3-2). Thus, an additional growing season day in the spring
provides more potential photosynthesis than an extra autumn day (Harrington et al.,
1989), and even plants with extended or evergreen phenology show little apparent
benefit from the slight increase in autumn light (Xu et al., 2007). Thus it may be of
greater benefit to maintain leaves longer in the fall only where light is especially

abundant.
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The level of within-species phenological variability documented in this study is
remarkable. For some species, certain events (i.e. germination and senescence) varied
intraspecifically by up to three months within a single chamber. While it is possible that
this variation is environmentally driven, it would have to be due to variation on a scale
smaller than our environmental measurements. Each chamber has an area of about 15
m?, and it is unlikely that environmental factors varied so much over such a small,
controlled area. A much more likely explanation for the broad range of phenological
dates is intraspecific variability in sensitivity to cues.

Even though our findings show that individual trees are likely to phenologically
under-compensate for warmer temperatures, it is still possible for tree populations to
adjust evolutionarily, although more slowly, due to the phenological differences
documented within species. Phenological variation within populations during frosts
can lead to differential damage and survival (Augspurger, 2009). Further, phenology is
a heritable trait. Nienstaedt (1974) reviewed several studies and found budburst
heritability to range from 28% to 96% depending on species. Leaf longevity (partly
determined by senescence date) and bud set date have heritabilities between 30% and
70% in Populus tremula (Luquez et al., 2008). A further requirement for adaptive
microevolution is that heritable differences are phenotypically expressed in the selecting

(i.e. warmer) environment (Husby et al., 2011). Our phenological results are consistent
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with this possibility, even under fairly hot scenarios and show that recruiting
populations of most species have some individuals adapted to more extreme weather,
and could regenerate mature trees that are better adapted to their new environment.

The increasingly conservative response of plant phenology to increasing
temperatures may be due to tradeoffs between tracking and safety cues. For instance,
increased day length or chilling exposure (both ‘safety cues’) may reduce the degree-day
requirement (a tracking cue) for a plant to break bud. While the variability seen in
aggregate data of many individual plants makes it difficult to identify such tradeoffs, it
doesn’t mean that they don’t exist (Clark et al., in review). An individual plant (or seed)
could be subject to internal tradeoffs between tracking cues and safety cues. Because a
seed only germinates once, it wasn’t possible to test this proposition for germination in
our experiments. With a sufficiently long record of budburst dates, it may be possible to
detect such tradeoffs for budburst in individual plants. However, in the context of
seedling and sapling studies, this search is complicated by known ontogenetic shifts in
phenology as trees grow (e.g. Augspurger, 2004).

This study has shown that temperate tree species do not fully adjust the timing
of their annual events to warmer temperatures. Thus, trees” actual growing seasons will
fall increasingly short of the potential growing season as global warming progresses.

While extension of trees’ leafy period has been suggested as one dampening feedback on
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the accumulation of atmospheric carbon dioxide (McMahon et al., 2010), our results
show that this mechanism has its limits. We have also demonstrated phenological
responses to light conditions that were inconsistent with expectations that understory
plants rely on light subsidies during the marginal early spring and late fall weather.
Finally, we have shown a substantial within-species variability for multiple phenological
events. Such variability suggests that tree populations may evolve longer growing
seasons, even if most pre-existing trees fall short of ideal responses. These results gain
credibility by originating from a realistic field-based simulation of climate change,

underscoring the benefits of infrastructure-intensive field based experiments.
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Appendix A: Supplemental materials for Chapter 3

This appendix contains linear model tables for predictors of phenological dates.
It is divided into sections by event: germination, budburst, leaf senescence and overall
growing season length. The following significance codes apply to all tables: 0 <*** <
0.001 <**<0.01 <*<0.05<.<0.1. Species and seed origin codes are given in Table 3-1.
When a species occurred in more than one site, a site term was included ‘siteHF’, which
is the effect of being at Harvard Forest, relative to Duke Forest. When a row in a table
has “NA’ rather than numbers, that signifies that there were insufficient degrees of
freedom to test a particular variable. For instance, a few species were found in only the
gap or understory, so have NAs for the ‘gap’ variable.
GERMINATION:
Table A-1: Germination of qualDF. Residual standard error: 25.81 on 1766 degrees of

freedom Multiple R-squared: 0.223, Adjusted R-squared: 0.2213 F-statistic: 126.7 on 4
and 1766 DF, p-value: < 2.2e-16

Estimate Std. Error  tvalue Pr(>1tl)
(Intercept) 122.19 09154  133.483 <2e-16 ***
siteHF 37.6187 3.7412 10.055 <2e-16 ***
gap 9.9158 3.0131 3.291 0.00102 **
p3 -17.4326 1.4837 -11.749 <2e-16 ***
p5 -22.0702 1.5093 -14.623 <2e-16 ***
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Table A-2: Germination of acruDF. Residual standard error: 20.1 on 488 degrees of
freedom, Multiple R-squared: 0.2391, Adjusted R-squared: 0.2329 F-statistic: 38.34 on 4

and 488 DF, p-value: < 2.2e-16

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 109.08 1.321 82.563 <2e-16 ***
siteHF 40.684 3.995 10.184 <2e-16 ***
Gap -1.67 1.996 -0.837 0.403
p3 -13.985 2.241 -6.239 9.54e-10 ***
p5 -12.524 2.451 -5.109 4.66e-07 ***

Table A-3: Germination for acruHF. Residual standard error: 45.78 on 272 degrees of
freedom, Multiple R-squared: 0.2069, Adjusted R-squared: 0.1981 F-statistic: 23.65 on 3
and 272 DF, p-value: 1.246e-13

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 180.37 4.928 36.604 <2e-16 ***
Gap 8.451 5.531 1.528 0.128
p3 -47.242 6.439 -7.336 2.53e-12 ***
p5 -44.699 6.991 -6.394 7.02e-10 ***

Table A-4: Germination for bealHF. Residual standard error: 26.08 on 209 degrees of
freedom, Multiple R-squared: 0.07991, Adjusted R-squared: 0.07111, F-statistic: 9.076
on 2 and 209 DF, p-value: 0.0001660

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 180.788 3.21 56.315 <2e-16 ***
Gap NA NA NA NA
p3 -1.701 6.315 -0.269 0.787929
p5 14.993 3.979 3.768 0.000214 ***
Estimate  Std. Error tvalue Pr(>Itl)
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Table A-5: Germination for pipaGA_USFS. Residual standard error: 11.24 on 153
degrees of freedom, Multiple R-squared: 0.7908, Adjusted R-squared: 0.7853, F-
statistic: 144.5 on 4 and 153 DF, p-value: < 2.2e-16

Estimate  Std. Error tvalue Pr(>Itl)

(Intercept) 180.788 3.21 56.315 <2e-16 ***
Gap NA NA NA NA

p3 -1.701 6.315 -0.269 0.787929

p5 14.993 3.979 3.768 0.000214 ***
p5 -12.2273 2.3269 -5.255 4.90e-07 ***

Table A-6: Germination for quruHF. Residual standard error: 23.17 on 130 degrees of
freedom, Multiple R-squared: 0.6874, Adjusted R-squared: 0.6778, F-statistic: 71.48 on
4 and 130 DF, p-value: < 2.2e-16

Estimate  Std. Error tvalue  Pr(>Itl)

(Intercept) 122.2634 4.0766 29.992 <2e-16 ***
siteHF 60.3219 4.342 13.893 <2e-16 ***
Gap -0.6909 4.0706 -0.17 0.865

p3 -24.8784 4.8248 -5.156 9.15e-07 ***
p5 -32.3737 4.9132 -6.589 1.00e-09 ***

Table A-7: Germination for bepoHF. Residual standard error: 25.78 on 104 degrees of
freedom, Multiple R-squared: 0.0328, Adjusted R-squared: 0.004901, F-statistic: 1.176
on 3 and 104 DF, p-value: 0.3227

Estimate  Std. Error tvalue  Pr(>Itl)

(Intercept) 198.198 19.199 10.323 <2e-16 ***
Gap -14.683 18.667 -0.787 0.433
p3 -7.578 6.396 -1.185 0.239
p5 1.802 6.029 0.299 0.766
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Table A-8: Germination for lituShef KY. Residual standard error: 21.89 on 100
degrees of freedom, Multiple R-squared: 0.4593, Adjusted R-squared: 0.4377, F-
statistic: 21.24 on 4 and 100 DF, p-value: 1.065e-12

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 130.5165  6.8662 19.008 <2e-16 ***
siteHF 55.6611 6.5588 8.486 2.02e-13 ***
Gap -0.8842 4.8256 -0.183 0.85499
p3 -15.2223 5.122 -2.972 0.00371 **
p5 -14.5717 5.688 -2.562 0.01190 *

Table A-9: Germination for pistShef NY. Residual standard error: 18.1 on 87 degrees
of freedom, Multiple R-squared: 0.8027, Adjusted R-squared: 0.7936, F-statistic: 88.49
on 4 and 87 DF, p-value: < 2.2e-16.

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 115.181 4.315 26.696 <2e-16 ***
siteHF 68.132 412 16.537 <2e-16 ***
Gap -2.288 4212 -0.543 0.5885
p3 -6.012 4.571 -1.315 0.1919
p5 -12.034 5.08 -2.369 0.0201 *

Table A-10: Germination for nysyDF. Residual standard error: 20.06 on 82 degrees of
freedom, Multiple R-squared: 0.666, Adjusted R-squared: 0.6497, F-statistic: 40.88 on 4

and 82 DF, p-value: < 2.2e-16.

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 130.7885 5.5674 23.492 <2e-16 ***
siteHF 55.9363 5.5156 10.142 3.92e-16 ***
Gap -0.7687 4.4875 -0.171 0.864
p3 -28.8127 5.909 -4.876 5.22e-06 ***
p5 -46.4343 6.0267 -7.705 2.68e-11 ***
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Table A-11: Germination for qualWH. Residual standard error: 28.56 on 81 degrees of
freedom, Multiple R-squared: 0.4452, Adjusted R-squared: 0.4178, F-statistic: 16.25 on
4 and 81 DF, p-value: 8.264e-10.

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 139.042 8.768 15.859 <2e-16 ***
siteHF 53.284 7.637 6.977 7.48e-10 ***
Gap -4.936 7.204 -0.685 0.49523
p3 -23.689 7.93 -2.987 0.00372 **
p5 -29.954 8.374 -3.577 0.00059 ***

Table A-12: Germination for pitaShef_GA. Residual standard error: 16.69 on 80
degrees of freedom, Multiple R-squared: 0.8157, Adjusted R-squared: 0.8065, F-
statistic: 88.5 on 4 and 80 DF, p-value: < 2.2e-16.

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 122.23 3.355 36.43 <2e-16 ***
siteHF 71.02 3.808 18.651 <2e-16 ***
gap -3.593 3.659 -0.982 0.3291
p3 -13.095 4.305 -3.042 0.00318 **
p5 -8.596 4.776 -1.8 0.07569 .

Table A-13: Germination for lituDF. Residual standard error: 21.54 on 69 degrees of
freedom, Multiple R-squared: 0.1112, Adjusted R-squared: 0.07255, F-statistic: 2.877 on

3 and 69 DF, p-value: 0.04222.

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 128.737 4.707 27.352 <2e-16 ***
gap -5.906 5.706 -1.035 0.30426
p3 -7.678 7.339 -1.046 0.29914
p5 -18.141 6.18 -2.936 0.00452 **

Estimate  Std. Error  t value Pr(>Itl)
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Table A-14: Germination for pitaDF. Residual standard error: 20.32 on 28 degrees of
freedom, Multiple R-squared: 0.2717, Adjusted R-squared: 0.1937, F-statistic: 3.482 on
3 and 28 DF, p-value: 0.02891.

Estimate  Std. Error tvalue Pr(>Itl)

(Intercept) 133 14.37 9.255 5.17e-10 ***
Gap -24.95 15.01 -1.663 0.1076

p3 -27.55 15.01 -1.835 0.0771 .

p5 -18.05 9.36 -1.928 0.0641 .

Estimate  Std. Error tvalue Pr(>Itl)

Table A-15: Germination for prseHF. Residual standard error: 25.06 on 26 degrees of
freedom, Multiple R-squared: 0.7027, Adjusted R-squared: 0.6569, F-statistic: 15.36 on
4 and 26 DF, p-value: 1.438e-06.

(Intercept) 101.081 8.704 11.614 8.63e-12 ***
SiteHF 80.337 11.163 7.197 1.21e-07 ***
Gap 7.636 10.323 0.74 0.466

p3 -7.334 11.69 -0.627 0.536

p5 -15.729 16.198 -0.971 0.34
(Intercept) 101.081 8.704 11.614 8.63e-12 ***
BUDBURST:

In addition to gap and heating treatments, budburst dates in 2010 were modeled
as a function of height at the end of the previous growing season, "ht09’.

Table A-16: Budburst for acruHF. Residual standard error: 9.201 on 460 degrees of
freedom, (63 observations deleted due to missingness), Multiple R-squared: 0.05479,
Adjusted R-squared: 0.04657, F-statistic: 6.666 on 4 and 460 DF, p-value: 3.198e-05.

Estimate  Std. Error  tvalue Pr(>Itl)

(Intercept) 112.0833 1.4623 76.646 <2e-16 ***
gap -1.5002 1.5027 -0.998 0.3186

p3 -4.2026 1.0395 -4.043 6.18e-05 ***
p5 -2.5285 1.0627 -2.379 0.0177 *
ht09 -0.3927 0.2599 -1.511 0.1315
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Table A-17: Budburst for acruDF. Residual standard error: 6.286 on 163 degrees of
freedom, (107 observations deleted due to missingness), Multiple R-squared: 0.6182,
Adjusted R-squared: 0.6065, F-statistic: 52.79 on 5 and 163 DF, p-value: < 2.2e-16.

Estimate  Std. Error  t value Pr(>1tl)
(Intercept) 86.420765 0.878878 98.331 <2e-16 ***
siteHF 22.74265  1.666207 13.649 <2e-16 ***
gap 1145749 1232909  0.929 0.354
p3 -7.30958 1.220741 -5.988 1.31e-08 ***
p5 -6.640518  1.156161 -5.744 4.43e-08 ***
ht09 -0.007076  0.054278 -0.13 0.896

Table A-18: Budburst for lituDF. Residual standard error: 7.286 on 141 degrees of
freedom, (35 observations deleted due to missingness), Multiple R-squared: 0.3152,
Adjusted R-squared: 0.2958, F-statistic: 16.23 on 4 and 141 DF, p-value: 5.908e-11

Estimate  Std. Error  tvalue Pr(>Itl)
(Intercept) 87.55383  1.38164 63.369 <2e-16 ***
gap 0.54603 1.69872 0.321 0.748
p3 -10.18106  1.61969 -6.286 3.82e-09 ***
p5 -11.79592  1.70052 -6.937 1.34e-10 ***
ht09 -0.01108 0.02933 -0.378 0.706

Table A-19: Budburst for pitaDF. Residual standard error: 6.413 on 105 degrees of
freedom, (2 observations deleted due to missingness), Multiple R-squared: 0.282,
Adjusted R-squared: 0.2546, F-statistic: 10.31 on 4 and 105 DF, p-value: 4.427e-07

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 7727162  2.75717 28.026 <2e-16 ***
Gap 7.49215 2.75838 2.716 0.00773 **
p3 -7.55459 1.4447 -5.229 8.73e-07 ***
p5 -6.78902 1.56217 -4.346 3.21e-05 ***
ht09 -0.05271 0.05898 -0.894 0.37356
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Table A-20: Budburst for listDF. Residual standard error: 3.562 on 42 degrees of
freedom, (15 observations deleted due to missingness), Multiple R-squared: 0.7637,
Adjusted R-squared: 0.7412, F-statistic: 33.93 on 4 and 42 DF, p-value: 1.190e-12.

Estimate  Std. Error tvalue Pr(>Itl)

(Intercept) 87.42818 1.62452 53.818 <2e-16 ***
Gap 0.35617 2.12705 0.167 0.868

p3 -14.00991  1.26261 -11.096  4.60e-14 ***
p5 -10.30798  1.49277 -6.905 1.99e-08 ***
ht09 0.04756 0.03022 1.574 0.123
SENESCENCE:

In addition to gap and heating treatments, senescence dates in 2010 were
modeled as a function of height at the end of the 2010 growing season, ‘ht10".

Table A-21: Senescence for qualDF. Residual standard error: 32.52 on 1290 degrees of
freedom, (493 observations deleted due to missingness), Multiple R-squared: 0.08825,
Adjusted R-squared: 0.08472, F-statistic: 24.97 on 5 and 1290 DF, p-value: < 2.2e-16

Estimate  Std. Error tvalue  Pr(>Itl)

(Intercept) 281.0428 2.807 100.121  <2e-16 ***
siteHF -25.3048 5.0449 -5.016 6.01e-07 ***
gap 25.2766 4.2286 5.978 2.93e-09 ***
p3 12.5128 2.259 5.539 3.68e-08 ***
p5 7.2437 2.2236 3.258 0.001153 **
ht10 1.0665 0.2802 3.807 0.000147 ***

Table A-22: Senescence for acruHF. Residual standard error: 16.28 on 539 degrees of
freedom, (260 observations deleted due to missingness), Multiple R-squared: 0.07702,
Adjusted R-squared: 0.07017, F-statistic: 11.24 on 4 and 539 DF, p-value: 9.058e-09.

Estimate  Std. Error  t value Pr(>Itl)

(Intercept) 271.57882  1.0724 253.243  <2e-16***
gap 8.34781 1.76672 4.725 2.94e-06 ***
p3 3.0643 1.72058 1.781 0.07548 .
p5 5.81573 1.78054 3.266 0.00116 **
ht10 0.02519 0.05612 0.449 0.6537
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Table A-23: Senescence for acruDF. Residual standard error: 24.67 on 326 degrees of
freedom, (437 observations deleted due to missingness), Multiple R-squared: 0.2759,
Adjusted R-squared: 0.2648, F-statistic: 24.85 on 5 and 326 DF, p-value: <2.2e-16.

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 270.42811  2.08066 129.972  <2e-16 ***
siteHF -19.06405  4.81566 -3.959 9.25e-05 ***
gap 27.03938 339275  7.97 2.70e-14 ***
p3 6.04077 3.36486 1.795 0.0735 .
p5 -3.63174 3.52526 -1.03 0.3037

Table A-24: Senescence for lituDF. Residual standard error: 22 on 123 degrees of
freedom, (126 observations deleted due to missingness), Multiple R-squared: 0.4331,
Adjusted R-squared: 0.4146, F-statistic: 23.49 on 4 and 123 DF, p-value: 1.925e-14.

Estimate  Std. Error  tvalue Pr(>Itl)
(Intercept) 257.1546  4.32246 59.493 <2e-16 ***
gap 39.62837  5.58488 7.096 8.96e-11 ***
p3 19.13658  5.01205 3.818 0.000212 ***
p5 3.73814 5.2797 0.708 0.480272
ht10 -0.13258 0.04503 -2.944 0.003873 **

Table A-25: Senescence for bealHF. Residual standard error: 11.66 on 207 degrees of
freedom, (9 observations deleted due to missingness). Multiple R-squared: 0.1934,
Adjusted R-squared: 0.1817, F-statistic: 16.54 on 3 and 207 DF, p-value: 1.128e-09

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 296.12221  1.64544 179.965  <2e-16 ***
gap NA NA NA NA
p3 8.5 2.68153 3.17 0.00176 **
p5 12.46015  1.78069 6.997 3.55e-11 ***
ht10 -0.02222 0.02343 -0.948 0.34405
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Table A-26: Senescence for lituShef_KY. Residual standard error: 16.17 on 82 degrees
of freedom, (60 observations deleted due to missingness). Multiple R-squared: 0.5111,
Adjusted R-squared: 0.4813, F-statistic: 17.15 on 5 and 82 DF, p-value: 1.414e-11.

Estimate  Std. Error tvalue Pr(>1tl)
(Intercept) 270.25835  6.03028 44.817 <2e-16 ***
siteHF -9.14084 5.45628 -1.675 0.0977 .
Gap 19.9094 4.27439 4.658 1.22e-05 ***
p3 10.17823 4.09108 2.488 0.0149 *
p5 2558706  4.91361 5.207 1.39e-06 ***
ht10 0.09406 0.1068 0.881 0.3811

Table A-27: Senescence of quruHF. Residual standard error: 27.67 on 110 degrees of
freedom, (21 observations deleted due to missingness). Multiple R-squared: 0.1008,
Adjusted R-squared: 0.05996, F-statistic: 2.467 on 5 and 110 DF, p-value: 0.03692.

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 286.4496  5.66642 50.552 <2e-16 ***
siteHF -6.38678 5.47777 -1.166 0.2462
gap 5.89916 5.46245 1.08 0.2825
p3 16.33768  6.13395 2.663 0.0089 **
p5 12.65134  6.59507 1.918 0.0577 .
ht10 0.06266 0.22131 0.283 0.7776

Table A-28: Senescence for bepoHF. Residual standard error: 12.58 on 100 degrees of
freedom, (3 observations deleted due to missingness). Multiple R-squared: 0.2923,
Adjusted R-squared: 0.2639, F-statistic: 10.32 on 4 and 100 DF, p-value: 4.866e-07.

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 3.01E+02  9.39E+00 32.06 <2e-16 ***
gap -1.09E+01  9.22E+00  -1.183 0.24
p3 1.78E+01  3.32E+00  5.355 5.47e-07 ***
p5 1.51E+01  3.03E+00  4.996 2.49e-06 ***
ht10 -9.52E-04  2.75E-02 -0.035 0.972
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Table A-29: Senescence for nysyDF. Residual standard error: 23.66 on 45 degrees of
freedom, (39 observations deleted due to missingness). Multiple R-squared: 0.2166,
Adjusted R-squared: 0.1296, F-statistic: 2.489 on 5 and 45 DF, p-value: 0.04501.

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 275.99275  7.94562 34.735 <2e-16 ***
siteHF 2.67343 7.23305 0.37 0.7134
gap 25.96575  9.89444 2.624 0.0118 %
p3 9.767 8.69883 1.123 0.2675
p5 1.53417 8.89664 0.172 0.8639
ht10 0.03606 0.35936 0.1 0.9205

Table A-30: Senescence for qualWH. Residual standard error: 25.15 on 65 degrees of
freedom, (15 observations deleted due to missingness). Multiple R-squared: 0.3008,
Adjusted R-squared: 0.247, F-statistic: 5.593 on 5 and 65 DF, p-value: 0.0002397.

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 2824516  9.1466 30.88 <2e-16 ***
siteHF -13.3137 7.1453 -1.863 0.06694 .
gap 20.952 7.1836 2917 0.00485 **
p3 21.806 7.6134 2.864 0.00562 **
p5 22.6799 8.3089 2.73 0.00815 **
ht10 0.6567 0.4776 1.375 0.17384

Table A-31: Senescence for listDF. Residual standard error: 22.75 on 41 degrees of
freedom, (26 observations deleted due to missingness). Multiple R-squared: 0.3049,
Adjusted R-squared: 0.2201, F-statistic: 3.597 on 5 and 41 DF, p-value: 0.008666.

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 272.07627  7.87094 34.567 <2e-16 ***
siteHF 21.50036  25.72416 0.836 0.4081
gap 9.71744 13.04264 0.745 0.4605
p3 18.99356  8.27815 2.294 0.0270 *
p5 16.9835 10.32198 1.645 0.1075
ht10 0.10997 0.09097 1.209 0.2337
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Table A-32: Senescence date for qualDF including interaction term between height
and canopy status. In this analysis, the two levels of heating were grouped for
simplicity. Residual standard error: 3251 on 1290 degrees of freedom, (493
observations deleted due to missingness). Multiple R-squared: 0.08848, Adjusted R-
squared: 0.08495 F-statistic: 25.04 on 5 and 1290 DF, p-value: < 2.2e-16.

Estimate  Std. Error tvalue  Pr(>Itl)

(Intercept) 274.6487  4.1024 66.948  <2e-16***
siteHF 24.0347  5.086 4726 2.54e-06 ***
gap 39.6325  7.6035 5.212 2.17e-07 ***
ht10 1.7518 0.4266 4.106 4.28e-05 ***
p3 | p5STRUE  9.5667 1.8678 5.122 3.48e-07 ***
gap:ht10 12252 0.5585 2194  0.0284*%

GROWING SEASON LENGTH:

Table A-33: Growing season length for acruHF. Residual standard error: 18.54 on 372
degrees of freedom, (152 observations deleted due to missingness) Multiple R-
squared: 0.08808, Adjusted R-squared: 0.08073, F-statistic: 11.98 on 3 and 372 DF, p-
value: 1.674e-07

Estimate  Std. Error tvalue Pr(>Itl)

(Intercept) 161.245 1.355 118.959  <2e-16 ***

gap 8.639 2.603 3.319 0.000993 ***
p3 8.015 2.363 3.392 0.000768 ***
p5 9.343 2.395 3.9 0.000114 ***
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Table A-34: Growing season length for acruDF. Residual standard error: 25.2 on 138
degrees of freedom, (133 observations deleted due to missingness), Multiple R-
squared: 0.3924, Adjusted R-squared: 0.3748, F-statistic: 22.28 on 4 and 138 DF, p-value:

3.308e-14

Estimate  Std. Error tvalue Pr(>Itl)
(Intercept) 181.55 3.584 50.649 <2e-16 ***
siteHF -35.744 7.244 -4.934 2.28e-06 ***
gap 33.705 4516 7.464 8.55e-12 ***
p3 13.135 5.325 2.467 0.0149 *
p5 7.989 5.048 1.583 0.1158

Table A-35: Growing season length for lituDF. Residual standard error: 23.29 on 107
degrees of freedom, (70 observations deleted due to missingness) Multiple R-squared:
0.4229, Adjusted R-squared: 0.4067, F-statistic: 26.14 on 3 and 107 DF, p-value: 9.22e-13

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 167.943 5.651 29.718 <2e-16 ***
gap 26.158 5.807 4.505 1.70e-05 ***
p3 32.762 5.821 5.628 1.48e-07 ***
p5 18.907 6.233 3.033 0.00303 **

Table A-36: Growing season length for listDF. Residual standard error: 22.74 on 36
degrees of freedom, (22 observations deleted due to missingness) Multiple R-squared:
0.385, Adjusted R-squared: 0.3338, F-statistic: 7.514 on 3 and 36 DF, p-value: 0.0004991

Estimate  Std. Error tvalue  Pr(>Itl)
(Intercept) 188.096 11.577 16.247 < 2e-16 ***
gap 13.775 12.622 1.091 0.28236
p3 36.615 8.751 4184 0.000176 ***
p5 22.856 9.76 2.342 0.024834 *
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Table A-37: Growing season length for listGA_USFS. Residual standard error: 28.63
on 14 degrees of freedom, (41 observations deleted due to missingness) Multiple R-
squared: 0.6244, Adjusted R-squared: 0.5171, F-statistic: 5.818 on 4 and 14 DF, p-value:

0.005667

(Intercept)
siteHF

Estimate  Std. Error  tvalue Pr(>Itl)
204.01 33.1 6.163 2.46e-05 ***
-124.39 36.36 -3.421 0.00414 **
62.48 23 2.717 0.01669 *
41.76 18.14 2.302 0.03720 *
47.99 16.62 2.888 0.01193 *

Table A-38: Growing season length for lituShef_KY. Residual standard error: 21.36 on
10 degrees of freedom, (28 observations deleted due to missingness), Multiple R-
squared: 0.6644, Adjusted R-squared: 0.5302, F-statistic: 4.949 on 4 and 10 DF, p-value:

0.0184

(Intercept)
siteHF

Estimate  Std. Error  tvalue Pr(>Itl)
173.49 16.42 10.563 9.6e-07 ***
-36.2 13.76 -2.631 0.0251 *
28.73 17.06 1.685 0.123
29.02 12.91 2.248 0.0484 *
32.87 18.18 1.808 0.1007
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