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Incorporating genetic variation into a model of
budburst phenology of coast Douglas-fir
(Pseudotsuga menziesii var. menziesii)

Peter J. Gould, Constance A. Harrington, and J. Bradley St. Clair

Abstract: Models to predict budburst and other phenological events in plants are needed to forecast how climate change
may impact ecosystems and for the development of mitigation strategies. Differences among genotypes are important to
predicting phenological events in species that show strong clinal variation in adaptive traits. We present a model that in-
corporates the effects of temperature and differences among genotypes to predict the timing of budburst of coast Douglas-
fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco). The main components of the model are (i) functions to calculate
the accumulation of chilling units (CU) and forcing units (FU) during dormancy and (ii) a function defining the combina-
tions of CU and FU needed for budburst (the possibility line). The possibility line was fit to data from 59 populations sub-
jected to eight different winter environments. Differences among populations were incorporated into the possibility line
using population coefficients that vary the FU required for budburst. Correlations among the population coefficients and
variables describing local environments supported the hypothesis that genetic variation in budburst is largely an adaptation
to summer drought. The new model can be used to test potential seed transfers as a strategy to mitigate some of the effects
of climate change.

Résumeé : On a besoin de modeéles capables de prédire le débourrement ainsi que d’autres événements d’ordre phénolo-
gique chez les plantes pour prévoir les effets néfastes des changements climatiques sur les écosystémes et pour élaborer
des stratégies visant a atténuer ces effets. Les difféerences génotypiques sont importantes pour prédire les événements
d’ordre phénologique chez les espéces dont les traits adaptatifs sont soumis a une forte variation clinale. Nous présentons
un modéle qui intégre les effets de la température et les différences entre les génotypes pour prédire le moment du débour-
rement chez le douglas de Menzies typique (Pseudotsuga menziesii var. menziesii (Mirb.) Franco). Les principaux éléments
du modéle sont (i) des fonctions pour calculer I’accumulation des unités de froid et des unités de forcage durant la période
de dormance et (ii) une fonction qui définit les combinaisons d’unités de froid et de forcage nécessaires pour le débourre-
ment (ligne des possibilités). La ligne des possibilités a été ajustée aux données de 59 populations soumises a huit sortes
de conditions hivernales différentes. Les différences entre les populations ont été intégrées dans la ligne des possibilités
sous forme de coefficients de population qui font varier les unités de forgage requises pour le débourrement. Les corréla-
tions entre les coefficients de population et les variables qui décrivent les conditions environnementales locales supportent
I’hypothese selon laquelle la variation génétique associée au débourrement est en grande partie une adaptation a la séche-
resse estivale. Le nouveau modele peut étre utilisé pour tester les transferts potentiels de graines en tant que stratégie pour

minimiser certains des effets des changements climatiques.

[Traduit par la Rédaction]

Introduction

Models to predict phenological events in plants are
needed for forecasting how ecosystems may be affected by
climate change. The timing of budburst is a key factor in
forecasting climate-change impacts on ecosystem composi-
tion and productivity (Leinonen and Kramer 2002; Rotzer et
al. 2004; Picard et al. 2005). Changes in the timing of bud-
burst during the past century are well documented and have
been attributed to warmer winter and spring temperatures
(e.9., Menzel and Sparks 2006; Menzel et al. 2006).

Although researchers have long recognized that temperatures
during winter and spring affect the timing of budburst, the
physiological mechanism for winter dormancy is poorly
understood. Many temperate woody species have a chilling
requirement in that some periods of cold temperatures
(chilling) and warm temperatures (forcing) are needed be-
fore budburst will occur. The chilling requirement prevents
budburst during periods of favorable weather that happen
before the danger of cold damage has passed. Chilling and
forcing are complementary in determining the timing of
budburst; less forcing is typically required as chilling in-
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creases to an optimal level, after which additional chilling
does not decrease the amount of forcing required for bud-
burst (Campbell and Sugano 1979; Cannell and Smith
1983).

Empirical models have proven useful for predicting bud-
burst, and numerous models have been proposed for differ-
ent species (see review by Héanninen and Kramer 2007).
Most models have been fit to phenological observations and
meteorological records in a natural environment. Conclu-
sions about the relative merits of different models have
been influenced by differences among species, the range of
temperatures tested, the test environment (natural or con-
trolled temperatures), and model-fitting techniques (Han-
ninen 1995; Chuine et al. 1998, 1999; Schaber and Badeck
2003). Chuine (2000) argued that many models are special
cases of a unified general model of phenological develop-
ment. The unified model has three main components: (i) re-
sponse functions for the effects of temperature on bud
dormancy, (ii) a defined period when temperature is effec-
tive, and (iii) a temperature-dependent threshold at which
budburst occurs. Temperature response functions calculate
the accumulation of chilling units (CU) and forcing units
(FU) during the winter period. Harrington et al. (2010) eval-
uated temperature response curves for several species and
argued that universal response curves could be used for dif-
ferent species. The period of effectiveness defines the start
and end of the chilling and forcing periods and whether
they are sequential (forcing begins after a fixed amount of
chilling), parallel (chilling and forcing occur simultane-
ously), or alternating. The temperature-dependent threshold
defines the combinations of CU and FU that result in bud-
burst (termed the “possibility line” by Harrington et al.
(2010)). Species clearly have different chilling requirements
and, thus, different possibility lines (Morin et al. 2009), but
few models have attempted to parameterize differences among
populations within a species (Morin et al. 2008; Garcia-Mozo
et al. 2009; Mimura and Aitken 2010).

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is
known to be closely adapted to its local environment, and
populations show pronounced clines in many traits that are
associated with environmental gradients (Campbell 1979;
Rehfeldt 1989; St. Clair et al. 2005). The coast variety of
Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirb.)
Franco) has a native range in western North America that
spans from about 34°N to 54°N and elevations from sea
level to 2300 m (Hermann and Lavender 1990). Although
Douglas-fir grows under a wide range of conditions, the cli-
mate generally can be characterized as maritime or mediter-
ranean with cool wet winters and warm dry summers.
Genetic variation among populations of Douglas-fir follows
the major regional gradients of climate (e.g., temperature
and precipitation) and geography (e.g., elevation, longitude,
and latitude) (St. Clair et al. 2005). Considerable variation in
both climate and genotypes also occurs within small geo-
graphical areas (Campbell 1979; Sorensen 1983; Loopstra
and Adams 1989). Although clinal variation in Douglas-fir
has been widely documented, few results have been incorpo-
rated into predictive models. Phenological models that in-
clude genetic variation would be useful for evaluating seed
transfer strategies to mitigate some effects of climate
change. Earlier studies did not have the benefit of climate
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models (e.g., Daly et al. 1994; Rehfeldt 2006; Wang et al.
2006) that can predict values of climate variables for spe-
cific locations. Instead, many studies reported relationships
with geographic and topographic variables that could be
measured directly (e.g., elevation, latitude, distance from
the ocean). Such variables are proxies for the suite of factors
that characterize a local environment; however, climate var-
iables provide much more detailed and biologically relevant
information. Additionally, models that are intended to pre-
dict the effects of climate change or to identify populations
that are well adapted to future climates need to be formu-
lated to use climate variables as input.

In this paper, we extend the possibility-line model of Har-
rington et al. (2010) to incorporate genetic variation in bud-
burst requirements among populations of Douglas-fir. The
main components of the model are equations to calculate
CU and FU as functions of temperature and the possibility
line that defines the combination of CU and FU that will re-
sult in budburst. CU and FU accumulate concurrently during
the winter, and budburst occurs when the combination of
CU and FU reaches (or exceeds) the possibility line. We ex-
tend that model here by introducing population coefficients
that vary the FU needed for budburst for a given level of
CU. We evaluate the adaptive significance of the population
coefficients by relating them to differences among the local
environments of the populations we tested. The relationships
are viewed through three hypotheses that although not mutu-
ally exclusive, emphasize different aspects of the environ-
ment and provide a basis for evaluating some impacts of
seed transfer and climate change. For these relationships,
positive correlations mean that more FU are required for
budburst (so that budburst occurs later relative to other pop-
ulations); negative correlations mean that fewer FU are re-
quired (and budburst occurs earlier).

Summer drought

Soil water typically becomes depleted during the dry
summers that characterize the environment throughout
much of the range of Douglas-fir. Early budburst is advanta-
geous to align the period of height growth with the period of
low water stress (White 1987; Joly et al. 1989). This hypoth-
esis would be supported by positive correlations between the
population coefficients and measures of precipitation (e.g.,
annual precipitation and precipitation during the growing
season) and negative correlations with temperatures during
the summer months. Under this hypothesis, we also pre-
dicted positive correlations with soil variables that indicate
greater water-holding capacity, which would help to delay
the onset of summer drought (i.e., high silt or clay content
and low sand content).

Frost avoidance

Delaying budburst in the spring reduces the risk of cold
injury to new growth. Additionally, the timing of budburst
is correlated with the period when older needles and other
tissues “de-harden” and become susceptible to cold injury
(Aitken and Adams 1997). This hypothesis would be sup-
ported by a positive correlation between the population coef-
ficients and the date of last spring frost and by negative
correlations with spring temperatures.
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Fig. 1. Seed-source locations with elevations (m). The locations where the winter-dormancy experiments were conducted (Olympia, Wa-
shington, and Corvallis, Oregon) are shown (stars). The symbols indicate coastal (@), low-elevation inland (W), and high-elevation inland

(A) locations. Symbols are shaded by latitudinal bands.
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Premature forcing

Budburst may be triggered prematurely in environments
in which many FU accumulate prior to the last spring frost.
Requiring more FU for budburst may be adaptive in envi-
ronments that have relatively large fluctuations in tempera-
ture. This hypothesis differs from the frost-avoidance
hypothesis in that it focuses primarily on the accumulation
of FU rather than on the timing of the last spring frost. For
the populations that we sampled, the number of FU that ac-
cumulated before the last spring frost was weakly negatively
correlated with the date of last spring frost, indicating that
the accumulation of FU in winter should be considered a
separate hypothesis. This hypothesis would be supported by
positive correlations between the population coefficients and
measures of FU at the time of last spring frost. Because
chilling reduces the number of FU required for budburst,
the hypothesis would also be supported by positive correla-
tions with measures of CU at the time of last spring frost.

Materials and methods

Budburst data

Data were from an experiment conducted during the win-
ter of 2007-2008 to test the effects of winter temperature on
dormancy release. The experiment was conducted simultane-

ously at Olympia, Washington (46.96°N, 122.96°W), and
Corvallis, Oregon (44.56°N, 123.29°W). Seeds came from
120 open-pollinated parent trees at 60 locations (two fami-
lies per location). Germination and survival were poor in
some cases, leaving 109 families at 59 locations (Fig. 1).
The two parent trees at each location were typically sepa-
rated by less than 1 km in distance and by less than 40 m
in elevation. Locations were arranged roughly into 12
groups defined by four latitudinal bands (40, 43, 45, and
47°N) and three physiographic regions (coast, low-elevation
inland, and high-elevation inland).

Seeds were stratified for 45 to 55 days and sown in April
2007 in styroblocks (20 cells per block, 710 mL-cell1).
Seedlings were subjected to four temperature regimes begin-
ning in November 2007 by moving seedlings between the
outside (ambient temperature) and heated greenhouses
(>10 °C). The objective was to reduce chilling by different
fixed amounts for each treatment based on the assumption
(later shown to be false) that temperatures > 10 °C were not
effective for chilling. Temperatures between 0 and 4 °C
were assumed to have full chilling effectiveness (i.e., 1 h =
1 CU). The regimes were defined as ambient (A) (kept out-
side all winter), A — 400 (seedlings moved into the green-
houses once each month in November, December, January,
and February until 100 CU had accumulated at ambient tem-
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perature in that month thereby creating a 400 h chilling def-
icit for the winter), A — 800 (200 fewer CU each month),
and A — 1200 (300 fewer CU each month). Temperatures in
each environment were monitored with at least two temper-
ature data loggers (HOBO, Onset Computer Corp., Bourne,
Massachusetts). Seedlings were watered by hand during the
winter. The mean greenhouse temperatures were 11.2 °C in
Olympia and 14.3 °C in Corvallis. Because both ambient
and greenhouse temperatures were different in Corvallis and
Olympia (averaging 0.4 and 3.1 °C warmer, respectively, in
Corvallis), we had eight different winter environments.

All seedlings were moved outside to the ambient environ-
ment at the beginning of March. Date of terminal budburst
was recorded two to three times each week. Budburst was
defined as when the bud scales first parted so that green
needles were visible. The median budburst date (i.e., when
50% of seedlings had burst bud) was calculated for each
family in each of the eight winter environments. Most seed-
lings remained healthy throughout the experiment; families
were dropped if fewer than three of the 10 seedlings as-
signed to each environment remained healthy. Seedling mor-
tality among treatments ranged from 0.1% to 5.2% during
the winter period, with the greatest mortality in the A — 800
treatments at both Olympia and Corvallis.

Modeling
The numbers of CU and FU that had accumulated in each
winter environment up to the median budburst date were
calculated using the effectiveness functions of Harrington et
al. (2010). Chilling effectiveness for a given temperature T

is calculated by
T+ 4.66\ """ (1.16)"

— . R — . 10.93

[I]— CE=3.13 ( s ) o~ (5it)

where CE is zero after 21 March (no additional chilling is
counted after that date) and T < —4.7 °C or T > 16 °C. The
date after which chilling is no longer effective (21 March)
was determined by Harrington et al. (2010) based on a sen-
sitivity analysis of their possibility line. It is 1.0 when eqg. 1
yields a value > 1.0.

Forcing effectiveness is given by

1

2l FE =4 e

The accumulation of CU and FU is calculated by

n

B~ CU=S" fEk - Hy

k=1

[4]— FU = Ey - Hy

n
k=1

where Hy represents the period k (hours) between tempera-
ture observations, and n is the number of periods between 1
November and the median date of budburst.

Chilling units in the eight environments ranged from 700 to
2600 CU. Forcing units ranged from 200 to 2200 FU. The pos-
sibility line predicts the FU required for 50% budburst for a
given level of CU. The original form of the possibility line is

Can. J. For. Res. Vol. 41, 2011

5]« FU =< + B, - exp(B, - CU)«
The extended form is
(6]« FU =« - (By + B - exp(B, - CU))—

where «; is the population coefficient (a random effect for
seed-source location i), and By, B1, B, are fixed effects.

Coefficients were estimated using the nlme package (Pin-
heiro et al. 2006) in R (Team 2006). The population coeffi-
cients («;) in eq. 6 are intended to capture differences among
populations in the FU required for budburst for a given level
of CU. One coefficient value was estimated for each seed-
source location; therefore, it represented seed from two pa-
rent trees from the same environment in most cases. The
population coefficients are multiplicative so that the change
in FU is inversely proportional to CU and directly propor-
tional to the FU estimated by the main effects alone (i.e.,
the average estimate for all populations). For example, the
number of FU needed to reach the possibility line is multi-
plied by 1.05 for a population in which « = 1.05. An addi-
tive model was also tested (adding a fixed number of FU for
all levels of CU), but it was inferior based on Akaike’s in-
formation criterion (AIC; Akaike 1974) and an analysis of
residuals. The ability of the population coefficients to con-
sistently capture differences among seed sources within
each of the eight winter environments was evaluated by cal-
culating correlations between the population coefficients and
the numbers of FU that accumulated at the time of 50%
budburst of each population within each environment.

The model was used to illustrate a hypothetical seed
transfer between two populations located near the extremes
of the observed range of population coefficients. Populations
were selected from the 10th and 90th percentiles of the dis-
tribution of coefficients. Budburst dates for the local and
transfer populations were predicted for each of 25 years of
hourly temperature records at each location. Budburst dates
were predicted by (i) calculating the accumulation of CU
and FU during each year and (ii) determining the date when
the number of FU required for budburst was reached using
eq. 6. To put the budburst dates into an environmental con-
text, temperature records were used to calculate daily proba-
bilities that the frost-free period had begun (i.e., probability
there would be no temperatures < —2 °C from that day for-
ward). The probability that soil moisture would remain high
enough on each day to maintain 10% of potential evapo-
transpiration was calculated with DFHGS (Weiskittel 2006).

Environmental data and analysis

A suite of variables describing the environment at the
seed-source locations was assembled to interpret variation
in budburst among populations (Table 1). Climate normals
for the period 1961 to 1990 were estimated from Rehfeldt’s
(2006) thin-plate splines (Crookston 2008). Values for soil
texture (percentages of sand, silt, clay, and rock) and water-
holding capacity (volume water/volume soil) were obtained
by intersecting the parent tree locations with the Natural Re-
source Conservation Service digitized soil maps for soil sur-
vey areas in California, Oregon, and Washington (USDA
Natural Resources Conservation Service 2009).

Soil water recharge from snowmelt likely affects the onset
of summer drought in some parts of the study region (Ichii
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Table 1. Summary of environmental variables that were compiled for the seed-source locations.

Variable Description Source
CHILLo Mean chilling units before last spring temperature < 0 °C 1
CHILLog0 90th percentile of chilling units before last spring temperature <0 °C 1
CHILL-, Mean chilling units before last spring temperature < -2 °C 1
CHILL 2,90 90th percentile of chilling units before last spring temperature < -2 °C 1
CLAY Percentage clay in soil 2
DDO Degree-days < 0 °C (°C-days) 3
DD5 Degree-days > 5 °C (°C-days) 3
DD5FF DD5 within frost-free period (°C-days) 3
ETD1- 12 Evapotranspiration deficit (potential — predicted) 4
FDAY Day of first fall frost (day of year) 3
FFP Frost-free period (days) 3
FORCE Mean forcing units before last spring temperature < 0 °C 1
FORCEp 9 90th percentile of forcing units before last spring temperature < 0 °C 1
FORCE-, Mean forcing units before last spring temperature < -2 °C 1
FORCE_2,90 90th percentile of forcing units before last spring temperature < -2 °C 1
PPTANN Mean annual precipitation (mm) 3
PPTcv Coefficient of variation of annual precipitation 5
PPT1-12 Mean monthly precipitation (mm) 3
PPTcvi-12 Coefficient of variation of monthly precipitation 5
PPTes Growing season precipitation (April — September) (mm) 3
SAND Percentage sand in soil 2
SDAY Day of last spring frost (day of year) 3
SILT Percentage silt in soil 2
SNOW; Probability of snow on or after 1 March 6
SNOW;, Probability of snow on or after 1 April 6
TMPanN Mean annual temperature (°C) 3
TMP1_12 Monthly mean temperature (°C) 3
TMPcm Mean annual temperature in coldest month (°C) 3
TMPmax Mean annual maximum temperature (°C) 3
TMPmax1-12 Monthly maximum temperature (°C) 3
TMPwmin Mean annual minimum temperature (°C) 3
TMPMmIN1-12 Monthly minimum temperature (°C) 3
TMPwm Mean temperature in warmest month (°C) 3

Note: Sources: 1, compiled hourly temperature observations (25 years from closest weather stations); 2, Natural
Resource Conservation Service digitized soil survey; 3, Rehfeldt (2006) surfaces of climate means (1961-1990); 4,
DFHGS model (Weiskittel et al 2010) using DAYMET daily weather; 5, DAYMET interpolations of daily weather;

6, MODIS TERRA snow extent (2000-2009).

et al. 2008); however, area-wide estimates of snow depth
(like those that we obtained for temperature and precipita-
tion) are not available. We calculated the probability of
snow cover on or after 1 March and 1 April from 500 m
gridded values of snow extent from the MODIS Terra satel-
lite (Hall et al. 2006). Snow extent was observed and re-
ported every 8 days for 2000 through 2009. Snow cover
(1 = snow on or after 1 March or 1 April, 0 otherwise) was
calculated from the grid point nearest to each parent tree for
each reporting period. Snow cover probabilities were calcu-
lated as mean snow cover values across the parent-tree loca-
tions for the 10-year period of observation.

Calculations of CU and FU required hourly estimates of
winter temperature. A database of hourly temperature obser-
vations was assembled from three sources: the US National
Climate Data Center integrated surface hourly database (Lott
and Baldwin 2002), the Natural Resources Conservation Serv-
ice snow telemetry network (SNOTEL; http://www.wcc.nrcs.
usda.gov/snow/), and the remote automated weather station
network that is managed by multiple natural resources agen-

cies. These data are archived at the Western Regional Climate
Center (http://www.raws.dri.edu/). We extracted 25 years of
records for each seed-source location using an algorithm to
minimize the weighted distance between weather stations and
seed-source locations. The 25 years of records were selected
from a pool of records collected from 1950 to 2007; the same
years were not used to represent all seed-source locations be-
cause records from different weather stations were incomplete
or spanned different periods of time. The elevation differen-
ces between seed-source locations and stations were less than
250 m, and the mean elevation difference was only 12 m. Lat-
itudinal distance was weighted three times more than longitu-
dinal distance to minimize environmental differences owing
to distances from the ocean. Seventy-five percent of station
records were within 38 km in the east-west direction and
93 km in the north—south direction. The hourly records were
used to calculate means (averaged among years) and 90th per-
centiles for the CU and FU that accumulate before the last
winter temperature < 0 °C and CU and FU that accumulate
before the last winter temperature < -2 °C.
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Fig. 2. Combinations of chilling units (CU) and forcing units (FU) that resulted in (A) 50% budburst and (B) model fit. Points represent
seedlings from a single parent tree in each of eight winter environments at either Olympia, Washington (open symbols), or Corvallis, Ore-
gon (shaded symbols). Winter environments are labeled and described in the text. The model fit (B) is for the overall model (black line) and

with population coefficients (shaded lines).
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Chilling units

To integrate the effects of temperature, precipitation, and
soil texture on available soil water, we used the soil water
balance and evapotranspiration modules in the DFHGS
growth model for Douglas-fir (Weiskittel 2006). DAYMET
estimates were used for climate inputs (daily temperature,
precipitation, and solar radiation interpolated on 1 km grid)
for the 1980 to 2003 period. We calculated mean evapo-
transpiration deficits (evapotranspiration — potential evapo-
transpiration) by month (ETD1 - 12).

Support for the three hypotheses was evaluated by exam-
ining correlations (Pearson’s r) between individual variables
and the population coefficients. Regression models were de-
veloped for subsets of variables using an exhaustive-search
algorithm (Lumley 2009). A final model was developed so
that population coefficients could be estimated from envi-
ronmental variables for other seed sources. The number of
predictor variables was limited to three to maintain parsi-
mony and to limit the effects of multicollinearity on coeffi-
cient estimates (Neter et al. 1996).

Results

Modél fitting

The population coefficients significantly improved the
ability of the possibility-line model to predict budburst rela-
tive to a model with fixed effects only (i.e., eq. 5) (likeli-
hood-ratio test, p < 0.001) (Fig. 2). Population coefficients
ranged from 0.87 to 1.13. Within each winter environment,
population coefficients were strongly correlated with FU at
50% budburst of each seed source (r = 0.70 to 0.87). In
other words, the coefficients captured differences among
seed sources consistently across all of the winter environ-
ments that were tested. The intrapopulation variance was
9893.7 FU2 and the intrafamily variance was 9781.7 FU2,
There was more variability among seed sources in the num-
ber of FU required for budburst in the winter environments
that received the least chilling (e.g., treatments A — 1200

and A — 800 in Corvallis) compared with those that received
the most chilling (e.g., treatments A in Olympia and Corval-
lis). The multiplicative model duplicated this pattern, pre-
dicting greater differences in FU required for budburst
among locations when chilling was low.

Evaluation of population coefficients

The population coefficients showed clinal variation within
the study region, but there was also considerable variability
within the 12 groups defined by latitude and physiography
(Fig. 3). Coefficient values were significantly correlated
(p < 0.01) with latitude (r = 0.60), longitude (r = —0.38),
and elevation (r = —-0.48); however, eight groups had coeffi-
cients for both early (¢ < 1.0) and late (¢ > 1.0) budburst.
Three groups had coefficients for early budburst only, and
one had a coefficient for late budburst only.

Correlations among the population coefficients and envi-
ronmental variables strongly supported the summer-drought
hypothesis, while providing no support for the other hypoth-
eses (Table 2). The correlation with PPTany Was the stron-
gest among the annual climate variables, although the
correlation with PPTgs was only slightly lower. In both
cases, budburst was earlier (i.e., required fewer FU) in pop-
ulations with lower precipitation. Populations with more var-
iability in annual precipitation (greater PPTcy) also had
earlier budburst. TMPyax and TMPy,, Were negatively cor-
related with the population coefficients, indicating that seed
sources with warmer summer temperatures had earlier bud-
burst. The negative correlation with TMPyy (indicating ear-
lier budburst in colder environments) was the opposite of
expectation under the spring-frost hypothesis. SDAY, the
variable most relevant to the spring-frost hypothesis, was
not significantly correlated with the location coefficients
(r =-0.11) and had a sign that was opposite of expectation.
All of the variables that had significant correlations and were
relevant to the premature-forcing hypothesis (e.g., FORCE,,
FORCE_,) had signs that were opposite of expectation.
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Fig. 3. Population coefficients for the possibility lines for each seed-source location. Values < 1.0 indicate that fewer forcing units (FU)
were required for budburst (i.e., earlier budburst) than the overall model; values > 1.0 indicate that more FU were required (i.e., later bud-
burst). The two locations that were used in the seed-transfer example are circled. The symbols indicate coastal (@), low-elevation inland
(W), and high-elevation inland (A) locations. Symbols are shaded by latitudinal bands.

0 50 100 km
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Table 2. Summary of statistically significant correlations (« < 0.05) between population coeffi-
cients and annual environmental variables and whether the correlations support (+) or fail to
support (-) the three hypotheses of adaptation.

Hypothesis
Variable Correlation (r)  Summer drought  Frost avoidance Premature forcing
PPTANN 0.72 +
PPTgs 0.69 +
TMPmax -0.58 + -
FORCE-, -0.53 -
PPTcv -0.53 +
FORCE_2,90 -0.48 -
SILT 0.47 +
TMPwm -0.41 +
CHILL-2,90 0.37 -
FORCE -0.36 -
TMPmiN 0.33 -
CHILLo,g0 0.33 -
SAND -0.27 +
FDAY 0.27 +
FORCEo g0 -0.26 -

Published by NRC Research Press



146

Can. J. For. Res. Vol. 41, 2011

Table 3. Summary of models to predict population coefficients for the possibility line from environmental

variables.

Model r2 AlIC
0.9059 + 0.000722-PPT1o 55.1 -228.7
0.8947 + 0.00006157-PPT ann 51.3 -231.5
0.9072 + 0.00124-PPTg + 0.00565-TMPcm 60.9 -243.5
0.9551 + 0.00111-PPTg — 0.04029- TMPwminz2 + 0.04547-TMPwmiN12 64.4 -248.0
0.9814 + 0.00228-PPT7 — 0.05189- TMPwmnz2 + 0.05863- TMPyin12 64.1 -247.5

0.75 + 0.5/(1 + exp(0.1527 — 0.0189-PPT; — 0.4753- TMPywinz + 0.4203 TMPyiniz)  63.8

—247.1

Correlations with monthly precipitation and temperature
also supported the summer-drought hypothesis (Fig. 4). Cor-
relations with mean and maximum temperatures indicated
earlier budburst with higher temperatures. The July maxi-
mum had the strongest correlation among temperature varia-
bles (r = =0.59). Minimum temperature in most months was
significantly correlated with the population coefficients and
indicated later budburst in environments with higher mini-
mum temperatures. Correlations with precipitation were pos-
itive and strong for all months, with somewhat higher peaks
in the correlations in April (r = 0.72) and October (r =
0.75), suggesting that precipitation during both spring and
fall is biologically relevant to the timing of budburst or that
fall precipitation is a surrogate for other aspects of the local
environments.

The best-subset regression algorithm identified the best
model with one, two, or three predictors (Table 3). Many
other models were very similar to the best in terms of r2,
Many of the top models included precipitation in April
through October and measures of minimum winter tempera-
ture. The best three-variable model included September pre-
cipitation (PPTg), minimum temperature in February
(TMPyin2), and  minimum  temperature in  December
(TMPyin12)- Replacing September precipitation with July
precipitation (PPT;) reduced the model r2 only slightly and
produced a more biologically relevant model given the evi-
dence for the summer-drought hypothesis. The sign of one
temperature coefficient was negative and the other was pos-
itive, but the net effect of temperature was negative (later
budburst in warmer environments) for all but two of the ob-
servations. A more robust nonlinear model was fit based on
the logistic function so that all predictions of population co-
efficients are bound between 0.75 and 1.25.

The population coefficient was predicted with the logistic
model at locations in California, Oregon, and Washington
where coast Douglas-fir has been observed on forest inven-
tory plots (Waddell and Hiserote 2005) (Fig. 5). The climate
variables produced major gradients in predicted population
coefficients with latitude (fewer FU required in the south)
and elevation and longitude (fewer FU required at high ele-
vations in the Cascade range in the eastern part of the study
area).

Example of seed transfer

The budburst model with population coefficients can be
used to evaluate the effects of seed transfers on the timing
of budburst. We tested a long transfer distance by modeling
a reciprocal transfer (i.e., seeds from both populations
planted at both locations; locations are circled in Fig. 3) be-
tween a low-latitude, high-elevation inland population and

Fig. 4. Correlations between population coefficients and monthly
precipitation, minimum temperature, mean temperature, and maxi-
mum temperature at the seed-source locations. Correlations outside
the shaded area were statistically significant (¢ < 0.05). Precip,
precipitation; Temp, temperature; Max, maximum; Min, minimum.
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midlatitude coastal population (Fig. 6). The inland location
had a 50% probability of snow on 1 April; therefore, a sec-
ond soil moisture curve that had a lag in the depletion of
soil water was added to illustrate the possible contribution
of snowmelt. The time window between the beginning of
the frost-free period and the depletion of soil water was nar-
row at the inland location but much wider at the coastal lo-
cation. The model predicted that budburst occurred in some
years at the inland location when the risk of cold injury was
still relatively high, but overall it performed well in the
sense that it predicted budburst during the window when
conditions are favorable for height growth. Although bud-
burst was predicted to occur 50 days earlier at the coastal
location, the risk of cold injury to new tissues was low. Dif-
ferences between the two populations in predicted budburst
date were small relative to variation among years and the
differences between the two locations. At the inland loca-
tion, mean budburst was 8 days later for the transfer popula-
tion than for the local population. The difference between
populations was 16 days at the coastal location. The range
of predicted budburst dates among years was greater at the
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Fig. 5. Population coefficients («) predicted as a function of July
precipitation and mean minimum temperature in February and De-
cember for locations where Douglas-fir has been observed on forest
inventory plots.

1.00

0.85

inland location (about 70 days) than at the coastal location
(30 and 46 days for the two populations). The local popula-
tions had somewhat greater ranges in budburst dates than the
transfer populations.

Discussion

The possibility-line approach was successfully extended
to incorporate the effects of genetic variation in budburst
among populations of Douglas-fir. Genetic variation is intro-
duced through a single model parameter that adjusts the FU
needed for a given level of CU to trigger budburst. Consid-
erable ranges in CU and FU were created in our experimen-
tal treatments. The extended model was able to account for
genetic variation consistently among all of the winter envi-
ronments tested. For this study, we assumed that the temper-
ature response functions (i.e., eqs. 1 and 2) do not differ
among genotypes. We did not test this assumption, but past
work has shown broad agreement among studies of different
species and different winter environments in the chilling-
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Fig. 6. Example of reciprocal seed transfer between an inland en-
vironment (top) and a coastal environment (bottom). The shaded
regions indicate the daily probabilities that soil water will be ade-
quate to maintain at least 10% evapotranspiration based on daily
weather over a 22-year period. The hatched regions indicate the
probabilities that damaging cold (<-2 °C) will not occur after a gi-
ven day based on 25 years of hourly temperature records. Solid tri-
angles represent predicted budburst dates based on 25 years of
hourly temperature records; open triangles represent the mean for
each population in each environment.
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effectiveness curve (Harrington et al. 2010). Many species
may share the basic mechanisms for sensing chilling and
forcing, but the hypothesis needs further testing. The mod-
els presented here can be used to predict budburst dates for
hypothetical seed transfers for which hourly temperature
records are available (or can be estimated) for the transfer
location and the seed-source locations are known (coordi-
nates and elevation) so that climate information can be ob-
tained to calculate the population coefficients. The
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modeling approach may also prove useful in the develop-
ment of models for other traits to better inform seed-transfer
strategies. The model has not been validated with inde-
pendent data; however, many of the seedlings that were
measured for this study were later planted at coastal, low-
elevation inland, and high-elevation sites. Initial measure-
ments of budburst support the validity of the model, and
the model can be rigorously tested with future data. The
experimental conditions that were created to test different
temperature regimes did not closely match actual winter
weather. The model may need to be updated as more in-
formation becomes available.

The variation in the FU required for budburst appears
small among the populations that were tested. In the seed-
source transfer example, the transfer distance (as measured
by the population coefficients) was equal to 80% of the ob-
served range of the population coefficients, yet the average
difference in predicted budburst date was only 8 days in
one environment and 16 days in the other. Aitken and Han-
nerz (2001) showed that the range in the timing of budburst
is generally smaller among conifers than that of other traits,
e.g., the timing of bud set. St. Clair et al. (2005) found that
the variance in first-year bud set was about three times that
of second-year budburst among 1048 Douglas-fir seed sour-
ces. The relatively small variation in the timing of budburst
can be viewed from several perspectives. For example, rare
spring cold events may select against early budburst
(thereby truncating the range of variability), despite the lack
of evidence found in this study. The period of record (1961-
1991) is short relative to the life span of Douglas-fir. Stron-
ger evidence for the spring-frost hypothesis may be found if
the probability of rare cold events could be accurately calcu-
lated from a long period of record. The range in budburst
may also be limited if opposing selection pressures are
present in some environments, e.g., inland locations with
both long periods of summer drought and relatively high
probabilities of spring-frost events.

We tested whether the spring-frost hypothesis may apply
to some populations but not to others but did not find strong
evidence; however, it is likely that different factors have ex-
erted different levels of selection pressure in various parts of
the range of Douglas-fir (Rehfeldt 1989). Consequently, our
results should not be applied to the inland variety of Doug-
las-fir (Pseudotsuga menziesii var. glauca), which grows
under a different climate (less precipitation and a shorter
frost-free period) than coast Douglas-fir.

A hypothesis that is supported by our results is that mech-
anisms for winter dormancy and release have conferred
enough phenotypic plasticity such that, even without local
adaptation, the timing of budburst is generally synchronized
with the beginning of the growing season in many environ-
ments (Chuine et al. 2000). In the transfer example, bud-
burst for the coast population was predicted to occur, on
average, 53 days later at the inland location versus at its lo-
cal environment. This matches fairly closely the difference
between locations in the average day of last spring frost
(43 days). Similarly, budburst for the inland population was
predicted to occur, on average, 60 days earlier at the coastal
site versus at its local environment. These predictions match
initial results from the seedlings that were planted later. At
two sites where the difference in the average day of last
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spring frost is 25 days, the difference in the time to reach
50% budburst in 2009 was 27 days. Differences in the accu-
mulation of CU and FU in the two environments were ad-
equate to coordinate budburst approximately with the
beginning of the frost-free period. It appears that budburst
could occur even earlier at the coastal location based on the
probability of cold injury; however, strong selection pressure
for early budburst would not be expected in environments
where soil water does not become limiting until much later
in the growing season.

Although the range of variation in budburst was low, it
may have a considerable impact on productivity. Height
growth rates are critical for trees to obtain and maintain
dominant or co-dominant canopy positions. The availability
of soil water clearly affects height growth on an annual ba-
sis (Newton and Preest 1988). Fixed growth (i.e., expansion
of growth units preformed in the bud) is completed within a
short period (e.g., 20 to 50 days) after budburst (lrgens-
Moller 1967; Krueger and Trappe 1967). Water stress dur-
ing the period of fixed growth reduces height growth incre-
ment by reducing stem unit length (Rose et al. 1993). In
environments with a short window between the beginning
of the frost-free period and the depletion of soil water, a
difference of several days may be enough to affect produc-
tivity. If soil water is adequate, the first flush of fixed
growth can be augmented in Douglas-fir by free growth
(new stem units without forming a bud or second flushing)
(Cline and Harrington 2007). In dry environments, the an-
nual height increment is likely determined most by the
length of the first flush.

The strong support that we found for the summer-drought
hypothesis is relevant to the development of seed-transfer
strategies. Douglas-fir is already widely planted, which pro-
vides the opportunity to move genotypes based on the ex-
pectation that they will be better adapted to a future local
environment than local populations. The climate in the Pa-
cific Northwest is expected to become warmer in all sea-
sons, with summer precipitation unchanged or slightly
lower (Mote et al. 1999; Parson 2001). These changes would
advance the onset of summer drought and increase its se-
verity. In many parts of the range of Douglas-fir, the time
window for optimal height growth would begin earlier and
become narrower. Although combinations of traits must be
considered, genotypes with earlier dates of budburst may be
better adapted to future climates than local populations. Cli-
mate change sometimes is viewed as being roughly equiva-
lent to a shift poleward in latitude or upward in elevation;
however, seed transfer from higher to lower elevation may
make sense if it advances the date of budburst. Incorporating
phenological models such as the one presented here into
growth models based on physiological processes offers some
intriguing possibilities for evaluating how different traits will
interact with future environments to shape productivity.

Phenological models are useful for forecasting some of
the effects of climate change. Our model can be used to es-
timate how changes in winter temperature will affect bud-
burst. If warmer temperatures increase the accumulation of
FU but have a relatively small impact on the accumulation
of CU, then the date of budburst would be advanced. Con-
versely, if fewer CU are accumulated in warm winters with-
out a commensurate increase in FU, budburst would be
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delayed. The effects of delayed budburst on productivity
would be compounded by an earlier onset of summer
drought. Evaluating how different climate-change scenarios
would affect budburst and other phenological events would
help inform decisions related to seed transfer and other strat-
egies designed to mitigate the effects of climate change.
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