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Abstract
& Key message Autumn and spring frost events caused wide variation in the survival of juvenile Douglas-fir in Austrian
forest sites located in the transition zone from Atlantic to continental climate. Survival rate can be optimized by planting
provenances originating from an altitudinal belt of 500–1400 m in North America. Neither the variety nor the climate of
origin of planted Douglas-fir provenances influence its response to frost events.
& Context Understanding the risks of frost during late spring and early autumn is crucial for planting non-native Douglas-fir
(Pseudotsuga menziesii [Mirbel] Franco) as an alternative tree species under climate change in Europe.
& Aims We investigate the role of early and late frost events on the survival of juvenile Douglas-fir and tested whether survival
depends on seed origin.
& Methods With data from 19 provenance trials across Austria, we modeled the effects of early and late frost events on juvenile
survival rate, accounting for random variations due to site condition and provenance origin.
& Results Wide variations (37–93%) in the juvenile survival rate of Douglas-fir were mainly driven by early and late
frost events (daily Tmin < 0 °C), summer drought, and continentality. Juvenile survival declined with an increasing
number of frost events within the observation period and prevailing warm spells preceding the frost events. The seed
origin of the tested provenances had a minor effect and was related to the altitude, but not to the variety or the
climate of provenance origin.
& Conclusion For planting Douglas-fir in the transition zone from Atlantic to continental climates, typical in Austrian forests, the
local site conditions and the probability of the occurrence of early and late frosts should be considered, while provenance
selection should rather focus on productivity.
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1 Introduction

Decades of scientific research have provided convincing evi-
dence of observed and likely impacts of human-induced cli-
mate change on forests, necessitating substantial adaptation
measures. In Europe, the effects of climate change on forests
may include changes in forest productivity (Reyer et al. 2014),
changes in tree species distributions and their economic value
(Hanewinkel et al. 2013), effects of intensifying disturbance
regimes (Seidl et al. 2017), and droughts (Allen et al. 2010).
Adaptive management aiming at reducing vulnerability and
enhancing the resilience of forest ecosystems is a key to pre-
serve the potential of forests to provide multiple ecosystem
services under climate change. Conifer forests in lower eleva-
tions of Central Europe are often dominated by secondary
Norway spruce (Picea abies [L.] Karst) and can be considered
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as a classical example of forests vulnerable to climate change.
A drastic decline in productivity and abundance accompanied
by the higher risk of windthrow and bark beetle attack is ex-
pected in such forests (Klimo and Hager 2000; Bolte et al.
2009; Lindner et al. 2010; Seidl et al. 2011; Spiecker et al.
2012). Adaptive management may also include changing the
structure and composition of vulnerable forests by planting
alternative species which may include non-native tree species
adapted to expected future climatic conditions (Bolte et al.
2009; Lindner et al. 2010; Spiecker et al. 2012). The North
American Douglas-fir (Pseudotsuga menziesii [Mirbel]
Franco) is one such alternative tree species currently under
consideration in Europe because of its excellent growth perfor-
mance, wood quality, and its tolerance of drought and pests.

Intraspecific variation in phenotypic traits and demographic
processes such as mortality and survival need to be examined
before prescribing alternative tree species and provenances for
planting. Tree mortality is an important demographic process in
forest ecosystems. Major causes of tree mortality are competi-
tion for limited resources such as light and water (Muller-
Landau et al. 2006; Allen et al. 2010), disturbances such as pest
outbreak and wind (Westerling et al. 2006; Van Mantgem et al.
2009; Senf et al. 2018), age, size- and density-related factors
(He and Duncan 2000; Cruickshank 2017), and abrupt devia-
tion from mean weather conditions such as spring and autumn
frosts (Neumann et al. 2017). Although Douglas-fir is known to
tolerate winter temperatures as low as − 80 °C (Sakai and
Weiser 1973), extreme temperature variations such as short-
term spring and autumn frost events are known to cause dam-
age and mortality of Douglas-fir, both in North America (Day
and Chrystal 1928; Foster and Johnson 1963; Simpson 1990;
Kreyling et al. 2014; Bansal et al. 2015) and Europe (Larsen
1978; Schmiedel 1981; Braun and Scheumann 1989; Braun
and Wolf 2001); Sychra and Mauer 2013).

Frost tolerance in perennial temperate plants is a triphasic
phenomenon whereby plants undergo hardening during the au-
tumn, dormancy during winter, and dehardening as spring ap-
proaches (Glerum 1985). Abrupt fluctuations of temperature
and occurrence of extremely low temperature during the hard-
ening and dehardening process cause stress which may mani-
fest itself in cell injury or death of affected tree organs or even
the complete tree (Coder et al. 2011). Bud break and subsequent
effects of frost on temperate trees are regulated by a complex
interaction of photoperiod, temperature, and genetics (e.g.,
Schueler and Liesebach 2014). Under global warming, photo-
period is unlikely to change, while temperature extremes such
as extremely low temperature during fall and spring are still
expected to occur (IPCC 2013). The combined influence of
lengthened growing season, warmer winter, and spring temper-
atures already resulted in advanced spring phenological devel-
opment (Scheifinger et al. 2003; Fu et al. 2014). This phenom-
enon is likely to be accompanied by increased temperature
variability (Liu et al. 2018) presenting levels of cold stress,

which are higher than a conifer species is genetically pro-
grammed to tolerate (Beck et al. 2004; Bansal et al. 2015).

Owing to its wide geographic range, Douglas-fir exhibits
strong intraspecific variations in its ability to tolerate extremely
low temperatures (O’Neill et al. 2001; St Clair 2006). The in-
terior or the Rocky mountain provenances are known to have a
higher tolerance to frost, compared to the coastal provenances
(Stevenson et al. 1999; O’Neill et al. 2001; St Clair 2006;
Bansal et al. 2015; Kreyling et al. 2015; Malmqvist et al. 2017).

In Europe, Douglas-fir has been widely studied in the con-
text of productivity or growth performance where modeling
studies suggested that interior provenances could be more suit-
able for continental and northern Europe (Isaac-Renton et al.
2014), while experimental studies found that coastal prove-
nances outperform interior ones under a wide range of environ-
mental conditions (Konnert and Ruetz 2006; Kölling 2008;
Petkova 2011; Chakraborty et al. 2015). However, studies on
frost tolerance of Douglas-fir in Europe are rare (Malmqvist
et al. 2017). Moreover, the majority of the studies on the effects
of frost on conifers are based on visual inspection of the damage
to tissues or plant parts exposed to artificially regulated low
temperatures in programmable freezers. Therefore, these stud-
ies cannot mimic the abrupt changes in weather conditions as
well as confounding factors such as shade and competition
expected in nature (St Clair 2006; Bansal et al. 2015). Apart
from this, majority of the studies use long-term average climatic
variables such as mean coldest month temperature to quantify
the effects of climate on frost damage which obviously does not
represent the extreme variations in low temperature on a daily
basis which are the actual cause of frost-related damage (Beck
et al. 2004; Strimbeck et al. 2015).

The success of active adaptive management strategies such as
planting non-natives will require precise knowledge about the
intraspecific variations in multiple functional traits such as pro-
ductivity, survival, cold hardiness, and the trade-offs therein
(Bolte et al. 2009; Lindner et al. 2010). Therefore, it is crucial
to identify those provenances of Douglas-fir which not only have
superior growth performance but also cold and drought tolerance.
Common garden tests or provenance trials provide excellent op-
portunities to examine how different seed sources differ in their
ability to withstand low temperatures as a result of climate-
induced natural selection (St Clair 2006; Kreyling et al. 2015).

We aim to test if Douglas-fir in Austria is adapted to ex-
treme climate events within the vegetation period such as early
and late frost and examine the role of provenance origin in
driving frost tolerance. We not only identify and quantify the
effect size of specific parameters that characterize early and
late frost event but also consider annual and seasonal climate
descriptors of the trial plantation (temperature, precipitation,
and drought) and tree age on the survival of juvenile Douglas-
fir. Furthermore, we examined whether provenance origin in-
fluences the effects of such drivers and recommend prove-
nances with optimum survival rates for our study area.
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2 Materials and methods

2.1 Provenance trials

In the present study, we investigated the role of extreme events
(early and late frost) on the survival rate of 160 North
American Douglas-fir provenances planted across 19 prove-
nance trials in Austria (Chakraborty et al. 2018). These trials
were established between 1973 and 1993 by the Austrian
Research Centre for Forests (BFW, Vienna) across a wide
spectrum of site conditions (Fig. 1). All seed sources originate
from western North America and were collected during the
international IUFRO collection 1967/68 and during German
and Austrian seed collection fromNorth America in the 1970s
(Schultze and Raschka 2002). The provenance trials were de-
signed as randomized blocks. Within each block (replication),
three to four-year-old pre-cultivated seedlings of selected
provenances were planted in plots of 20–100 individuals with
a spacing of 2 m × 2 m. The number of alive and dead trees/
seedlings was recorded for each trial between trial ages 3 and
10 years before any management measures on the trials were
implemented. Since 3–4-year-old seedlings were planted, the

actual tree ages correspond to 6–14 years when they were
inventoried. For trials with survival records in multiple years,
we used the latest assessment to calculate the survival rate.
Survival rate was calculated as the proportion of surviving
individuals by the total number of trees of each provenance
in each trial calculated as follows (Eq. 1):

Survival rate ¼ Aij

Nij
ð1Þ

where Aij is the number of alive trees of ith provenance in jth
planting site and Nij is the total number of trees of ith prove-
nance in the jth planting site.

Since not all provenances were planted in each trial,
they were grouped into clusters, (i) four clusters based on
the climatic conditions of the provenance origin; (ii) three
clusters based on the variety, respectively phylogeographic
origin of provenances, whereby the provenances were
grouped into the interior and coastal variety and the coastal
variety was further divided into coastal and cascade prov-
enances, accounting also for the adaptive variations within
the coastal variety according to (Rehfeldt et al. (2014);

Fig. 1 Location of the analyzed Douglas-fir provenance trials in Austria (A) including their mean juvenile survival rate across all provenances. Locations
of provenance origin in Northwestern North America planted in the Austrian trials (B)
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(iii), three altitudinal clusters (0–500, 500–1000, and
1000–1400 m) (Fig. 7 Annex).

The four climatic clusters were developed following
Kapeller et al. (2012), whereby a principal component analy-
sis with the provenance climate defined by 20 climatic vari-
ables of provenance origin (Table 1) was performed in a first
step. The 20 annual and seasonal climate variables for each
provenance origin were generated using the high-resolution
climate model Climate WNA v4.72 (Wang et al. 2012) for
the period 1961–1990. The first four principal components
(accounting for 97% of the variance in the data) were then
used in the clustering routine Bpartitioning around medoids^
in R-package cluster (Maechler et al. 2015) to create four
climatic clusters.

2.2 Climate data

Daily mean, minimum, and maximum temperature and pre-
cipitation sums were provided by the Central Institute for
Meteorology and Geodynamics (ZAMG), Vienna, Austria
for each provenance trial site for the duration between the
trial establishment and the latest juvenile inventory, referred
to as inventory period (Table 4 in Annex). These climate
data are based on observations from weather stations, which
were interpolated to the coordinates of the trial sites by
altitudinal adjusting and inverse distance weighted interpo-
lation (see Chakraborty et al. 2015 for details). From this
daily time series, 20 climatic extreme variables describing
early and late frost events and 20 annual and seasonal cli-
mate variables were calculated (Table 1). The extreme cli-
mate variables describe the frequency and severity of frost
events, for example, the number of days with late or early
frost events in the inventory period, the absolute minimum
temperature of late frost events within the inventory period,
and also parameters that consider the weather conditions
preceding a given extreme event, such as the temperature
difference between the absolute minimum temperature of
the preceding day or the number of vegetation days with
mean daily temperatures above 5 °C between 1 January
and the absolute minimum temperature (Fig. 8 in Annex).
Frost events refer to a daily minimum temperature below
0 °C. In this study, we considered frost events in May and
June as late or spring frost events and those occurring in the
months of July, August, and September as early or autumn
frost events outside actual winter (November–February).
The annual and seasonal variables describe the mean weath-
er conditions of the trial sites within the inventory period
(Table 1).

2.3 Variable selection

From the list of potential predictor variables (Table 1), the
most important ones were selected with a recursive feature

elimination approach (RFE) implemented within the
Random forest algorithm (Breiman 2001). Within the
RFE approach, variables were eliminated iteratively,
starting from the full set of potential predictors (Table 1),
and retaining only those variables (Tables 2 and 3) that
reduce the mean square error over random permutations
of the same variable. The variables which were linearly
correlated with other variables and had variance inflation
factors VIF > 5 were identified and the ones with the lower
value according to the Akaike Information Criteria (AIC)
(Akaike 1974) were retained for further model develop-
ment. This subset of uncorrelated climate variables, and
their interactions, were used as predictor variables to mod-
el the juvenile survival rate in the GLMM and the GLM.
Model simplification was done with all-subset approach
implemented with the leaps package (Lumley 2009) in R
statistical software (R Core Team 2013).

2.4 Statistical analysis

Generalized linear mixed model (GLMM) with a logit
link was used to analyze the effects of extreme climatic
drivers (early and late frost events), and annual and sea-
sonal climate variables on the survival rate of juvenile
Douglas-fir (up to 14 years). The juvenile survival rate
was the dependent variable. Parameters describing early
and late frost events, their interactions, the annual and
seasonal climate descriptors and demographic variable
such as tree age were used as fixed effects, while prove-
nance origin, planting location, and the interaction be-
tween provenance and planting location were considered
as random effects (Eq. 2):

Y ijk ¼ β0 þ α1C1ijk þ α2C2ijk þ⋯αnCnijk

þ αn1 ijk C1 *C2 þ b1ij Provenance

þ b2ikSiteþ b3ijk Site*Provenanceþ eijk

ð2Þ

Where, Yijk is the survival rate (%) of the ith tree of the jth
provenance at the kth planting location; β0 is the inter-
cept; α1 to αn are the fixed effects, b1 to b3 the random
effects, and e is the residual error. C1, C2...Cn represent
the selected site climate variables defining early and late
frost and mean climate conditions. Random effects
accounted for sources of variation not explained by the
fixed effects and captured by the experimental design
such as planting location and provenance origin.

In order to identify attributes of provenance origin that
likely influence the role of early and late frost events and
seasonal climate on juvenile survival rates, generalized linear
models (GLM) with a logit link was developed with only the
fixed effects of (Eq. 2), whereas attributes describing the prov-
enance origin were added as covariates (Eq. 3). Also in the
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Table 1 List of climate variables calculated to describe frost events (Tmin < 0 °C), the weather conditions surrounding frost events occurring outside
winter months (Nov-Feb), and annual and seasonal variables that describe the climate of the trial sites

Acronym Explanation of the variable

Extreme climate variable: late frost (May–June)

LF1 Number of late frost days with daily minimum temperatures < 0 °C

LF3 Absolute late frost temperature minimum

LF4 Mean temperature of the day on which LF3 occurred

LF5 Maximum number of late frost events within a single year within the inventory period

LF6 Sum of precipitation across the seven 7 days before LF3 occurred

LF7 Number of vegetation days > 5 °C from 1. January until LF3

LF8 Number of vegetation days > 10 °C from 1. January until LF3

LF9 Temperature difference between LF3 date and the minimum temperature of the preceding day

LF10 Temperature difference between LF3 date and the mean temperature of the preceding day

LF11 Temperature difference between LF3 date and the minimum temperature of the seven preceding days

LF12 Temperature difference between LF3 date and the mean temperature of the seven preceding days

Extreme climate variable: early frost (July–Sep)

EF1 Number of early frost days with daily minimum temperatures < 0 °C

EF3 Absolute early frost temperature minimum

EF4 Mean temperature of the day on which EF3 occurred

EF5 Maximum number of late frost events within a single year within the inventory period

EF6 Sum of precipitation across the seven 7 days before EF3 occurred

EF7 Number of vegetation days >5 °C from 1. January until EF3

EF8 Number of vegetation days >10 °C from 1. January until EF3

EF9 Temperature difference between EF3 date and the minimum temperature of the preceding day

EF10 Temperature difference between EF3 date and the mean temperature of the preceding day

EF11 Temperature difference between EF3 date and the minimum temperature of the seven preceding days

EF12 Temperature difference between EF3 date and the mean temperature of the seven preceding days

Seasonal and annual climate variables

MAT Mean annual temperature (°C)

MWMT Mean warmest month temperature (°C)

MCMT Mean coldest month temperature (°C)

TD Continentality, i.e. temperature difference between MWMT and MCMT (°C)

MAP Mean annual precipitation (mm)

MSP Mean summer (May to Sept.) precipitation (mm)

AHM Annual heat: moisture index (MAT+10)/(MAP/1000))

SHM Summer heat: moisture index ((MWMT)/(MSP/1000))

DD < 0 Degree-days below 0 °C, chilling degree-days

DD > 5 Degree-days above 5 °C, growing degree-days

DD < 18 Degree-days below 18 °C, heating degree-days

DD > 18 Degree-days above 18 °C, cooling degree-days

NFFD The number of frost-free days

FFP Frost-free period

bFFP The Julian date on which FFP begins

eFFP The Julian date on which FFP ends

PAS Precipitation as snow (mm) between August in previous year and July in current year

EMT Extreme minimum temperature over 30 years

Eref Hargreaves reference evaporation

CMD Hargreaves climatic moisture deficit

Demographic factor

Tree age Age of the surviving trees of a given provenance at a given planting site

Early Frost (EF) relates to frost events occurring toward the end of the vegetation period between July and September and late frost (LF) relates to frost
events at the beginning of the vegetation period in May and June. All climate variables were calculated with respect to the inventory period of a given
field trial, thus referring from trial establishment until the next mortality assessment made up to trial ages of 10 years. Due to different trial establishment
years and differences in the age of mortality assessments, the lengths of the inventory periods differ among trials. An explanation of the calculation is
available in Fig. 8 in Annex. In addition, a non-climatic factor tree density is also included. The annual and seasonal variables were also calculated at the
locations of provenance origin in North America
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GLM, the juvenile survival rate was used as the dependent
variable.

Y ijk ¼ β0 þ α1C1ijk þ α2C2ijk þ⋯αnCnijk

þ αn1 ijk C1 *C2 þ b1Climatic cluster

þ b2 Varietyþ b3Altitudeþ eijk

ð3Þ

Here, Yijk is the survival rate (%) of the ith tree of the jth
provenance at the kth planting location; β0 is the intercept; α1

to αn are the coefficients of the site climate variables; C1,
C2...Cn defining early and late frost and mean weather condi-
tions; b1, b2, and b3 the covariates of provenance origin attri-
butes and e is the residual error.

3 Results

3.1 Effects of frost on the survival of Douglas-fir

Mean survival rate of juvenile Douglas-fir trees varied signifi-
cantly between provenance trials (Kruskal Wallis test;
p< 0.000) and range from 37 to 93%, with a mean of 74.3%
across all trials (Fig. 2). The GLMM explained around 64% of
the variation in juvenile survival rate (Table 2). The most impor-
tant late or spring frost-related variables were the number of LF
days (LF1), the temperature difference between absolute LF

temperature minimum, and the mean temperature of the seven
preceding days (LF12) and the number of vegetation days > 10°
until the absolute LF temperature minimum (LF8) (Table 2).
Significant early, respectively autumn frost variables were the
number of EF days (EF1), the daily mean temperature of the
EF day with the absolute EF temperature minimum (EF4), and
the number of vegetation days > 5 °C until the absolute EF tem-
perature minimum (EF7). The most important and significant
climate variables describing the overall site climate were the
summer heat moisture index SHM, which might be used to
quantify xeric, but not necessarily drought conditions, and
continentality, which is the difference between the warmest and
coldest month temperature (Table 2).

In general, survival decreased with an increasing number of
late and early frost days and with prevailing warmer condi-
tions (vegetation days 5–10 °C) before the day of the respec-
tive extreme late or early frost event (Fig. 3; Table 2). The
interaction between the number of early and late frost days
was also found to be significant and positively influenced the
survival rate (Table 2). This means that sites with an equal
number of early and late frost events have a higher survival
rate compared to sites where the number of early and late frost
events differ. Increasing summer heat moisture index, where
higher values describe conditions with higher temperatures
and lower precipitation and thus more xeric conditions had a
slightly positive effect on the survival rate, whereas survival
declined with increasing continentality (Table 2). The fixed

Table 2 Results of the generalized linear mixed model (GLLM) show-
ing the fixed effects of the climate variables describing early and late frost
events, tree age, and the mean climate conditions and the random effects

of the site (planting location) provenance or seed origin and tree age and
their interactions on the juvenile survival rate of Douglas-fir

Effect type Driver type Drivers Estimate Std. Error Z value P value

Intercept 3.85 0.410 3.654 0.009

Fixed effects Late frost LF1 − 0.37 0.224 − 4.168 0.008

LF8 − 0.134 0.335 − 7.401 0.006

LF12 − 1.064 0.526 − 4.421 0.006

Early frost EF1 − 8.225 0.388 − 5.981 0.032

EF4 − 2.712 0.328 − 2.815 0.004

EF7 − 0.219 0.189 − 4.163 0.002

LF-EF Interaction LF1 x EF1 − 0.747 1.192 4.627 0.050

Mean climate TD − 0.245 0.267 − 6.917 0.000

SHM 1.795 1.8386 6.977 0.000

Demographic Tree age − 0.015 0.210 − 0.073 0.150

Variance St. dev

Random effects Planting location 0.0067 0.082 0.272

Provenance origin 0.0011 0.033 0.415

Planting location x provenance origin 0.0001 0.010 0.514

R2 adjusted (fixed effects) 0.640

R2 adjusted (fixed + random effects) 0.642

For an explanation of the acronyms of the variables see Table 1
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effect of tree age and the random effects of provenance origin,
planting locations, and the interaction between provenance
origin and planting location were negligible (Table 2).

3.2 Does seed origin matter?

Seed origin was defined on the basis of climate, altitude, and
variety of Douglas-fir in North America (Fig. 7 in Annex). The
GLM which explained around 59% of the variation in juvenile
survival rate suggests that survival rate slightly increased with

an increasing altitude of the seed origin (Table 3, Fig. 4).
Provenances originating from the mid (500–1000 m) and high
(1000–1400m) altitudinal levels had higher survival rates com-
pared to those originating from low altitude (0–500 m) in most
of the trials (Table 3). Other attributes of provenance origin such
as the climate of provenance and variety were not found to be
significant (Table 3, Fig. 5).

Provenances from the Cascade region of North America
such as the Ashford Elbe, Randle, Darrington, Trout Lake,
which are typically among the most productive seed sources

Table 3 Results of the generalized linear model (GLM) showing the effects of seed origin and the effects of the significant climate variables describing
early and late frost events, the mean climate conditions of the trial sites and tree age on the juvenile survival rate of Douglas-fir

Driver type Drivers Estimate Std. error t value p value Partial R2 Contribution to sum of partial R2

Intercept 3.264 1.471 2.219 < 0.00

Late frost LF1 − 0.101 0.052 − 1.956 < 0.00 0.18 9.92

LF8 − 0.004 0.003 − 1.284 < 0.00 0.04 2.31

LF12 − 0.159 0.043 − 3.659 < 0.00 0.74 41.04

Early frost EF1 − 0.311 0.304 − 1.022 < 0.00 0.00 0.16

EF4 − 0.118 0.037 − 3.214 < 0.00 0.57 31.48

EF7 − 0.007 0.005 − 1.452 < 0.00 0.07 3.94

LF-EF interaction LF1 x EF1 0.023 0.002 0.843 < 0.00 0.00 0.10

Mean climate TD − 0.005 0.002 − 1.160 < 0.00 0.02 1.24

SHM 0.045 0.020 1.100 < 0.00 0.01 0.75

Demographic Tree age − 0.007 0.02 − 0.28 0.77 0.06 3.30

Provenance origin 4.Climate cluster − 0.012 0.01 − 0.33 0.18 0.05 2.67

3. Altitude-zone cluster 0.023 0.01 0.19 < 0.00 0.05 2.79

3. Seed-zone cluster − 0.02 0.02 − 0.22 0.22 0.01 0.29

R2 adjusted = 0.59

For an explanation of the acronyms of the variables see Table 1. Partial R2 refers to the change in the adjusted model R2 when the respective variable is
removed from the GLM. The percent contribution of a particular explanatory variable is calculated as the percentage of its partial R2 over the sum of
partial R2 of all explanatory variables

Fig. 2 Survival rates of juvenile
Douglas-fir in 19 provenance tri-
als in Austria. The horizontal line
corresponds to the mean survival
rate across all the trials (74.3%).
The x-axis represents the name of
the trials
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in European trials (Chakraborty et al. 2016) were generally
also among the top three provenances in terms of survival in
the majority of the trials (Fig. 6), though statistical differences
in the survival rate of Douglas-fir provenances in terms of
climate and variety were not detected. Only within a few trials
in the continental East of Austria such as Pötsching, interior
provenances from British Columbia such as Williams Lake,
Adams Lake, and Owl Creek were among the top three sur-
viving provenances.

4 Discussion

Planting non-native tree species as an adaptive management
strategy under climate change will depend on the productivity
of the introduced species and its contribution to the expected
ecosystem services including economic and ecological values.
Prerequisite for a successful utilization, however, is the inter-
action between potential environmental stress factors and the

species’ inherited adaptive traits. In temperate, alpine, and
boreal forests, knowledge of intraspecific variation in early
and late frost tolerance is a key factor for the selection of
suitable planting material of Douglas-fir in Europe, where
climate conditions were found to be non-analogous (Isaac-
Renton et al. 2014; Chakraborty et al. 2015) to its native range
in North America.

The trials used in the present study represent a wide range
of climate conditions from continental East to high altitude
temperate conditions making the results of the study applica-
ble across a wide range of conditions in Central Europe. The
applied GLMM and GLM provided a reasonable model fit
(Tables 2 and 3) and allowed identifying significant frost-
related stress factors as well as mean climate descriptors that
influence the survival of juvenile Douglas-fir. Since the exact
cause of mortality was not recorded in the analyzed trials, the
juvenile survival rate could potentially also be attributed to
some unknown climatic and non-climatic factors. However,
the unspecified descriptors of the site conditions and

Fig. 3 Response ofmean survival rate within trials as to the significant early and late frost variables as well as tomean climate descriptors (see Table 1 for
details)
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provenance origin which were treated as random effects were
found to be negligible (Table 2), while the tested early and late
frosts indicators describe a substantial part of the observed
variation in juvenile survival rate.

In general, the early and late frost variables had a stronger
combined influence on juvenile survival rate compared to
mean climatic factors such as summer xericity and
continentality (Tables 2 and 3). Frost events during spring
and autumn influenced the survival of juvenile Douglas-fir
approximately to the same extent (Tables 2 and 3). The most
decisive factors for survival where the total number of frost
events in spring and autumn (LF1, and EF1), and the attributes
that described the prevalence of warm spells before the ex-
treme frost events. Such variables were the temperature differ-
ence between the extreme late frost date and the mean tem-
perature of the 7 days prior (LF12), the number of vegetation

days > 10 °C before the extreme late frost date (LF8) during
spring, and the number of vegetation days with > 5 °C before
the extreme early frost event in autumn (EF7) (Table 2, Fig. 3).
These findings provide empirical evidence to the fact that not
only the extreme minimum temperatures itself but also the
magnitude of abrupt deviation from average temperatures af-
fect tree survival (Katz and Brown 1992; Thornton et al.
2014). Other drivers such as summer xericity and
continentality were also found to influence juvenile survival
rate. Our finding of survival being rather positively affected
by warmer and dryer conditions is surprising (Table 2), but
could be explained by the absence of really strong summer
droughts within the inventory periods and by otherwise favor-
able growing conditions correlated to warmer summer tem-
peratures, and indeed, the 1970s and 1980s in which the ma-
jority of inventory periods’ fall did not exhibit extreme sum-
mer droughts in Austria as found within later decades after
1990. The decline in survival as a response to continentality
supports our finding that in sites with stronger alterations be-
tween warm and cold conditions, the effect of frost events can
have more serious consequences.

Climate change–induced warming and lengthening of
the growing season are likely to be accompanied by
increased temperature variability, thus increasing the
probability of occurrence of frost events outside of the
actual winter season (Liu et al. 2018). Recent studies
based on tree-ring analysis (Montwé et al. 2018) and
remotely sensed phenological characteristics (Liu et al.
2018) also reported an increase in frost damage during
spring and autumn if such events are preceded by warm
weather. This result is particularly prominent in sites
located in the east of Austria such as Pötsching
(47.763°N, 16.359°E, Fig. 9 in Annex) which experi-
enced the strongest continental conditions (the differ-
ence between the mean temperature of the warmest
and the coldest month is ~ 20 °C). During the whole

Fig. 4 Mean survival of provenances originating from different
altitudinal clusters (y-axis) plotted against mean survival rate of
individual trials (x-axis). The three altitudinal clusters are: low (0–
500 m), mid (500–1000 m) and high (1000–1400 m)

Fig. 5 Mean survival rate (black dots) and standard error (whiskers) of the three provenance origin attributes. Significant differences in survival rate were
found in case of the altitudinal cluster only (see Table 2)
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inventory period (1973–1997), this site experienced
warm conditions (Tmean > 10 °C) on an average of
46 days before an extreme late frost event in mid of
May (1987) when Tmin dropped to − 2.5 °C. By that
time, most trees are likely to have flushed, exposing
them to severe frost damage. This trial is also one of
the driest with mean warmest month temperature of
19 °C and mean summer precipitation of 330 mm.
Although conifers are known to tolerate extremely cold
temperatures during winter, an abrupt drop in minimum
temperature outside the winter can be detrimental for
conifers (Glerum 1985).

Although the initial experience of planting Douglas-
fir in Central Europe revealed its susceptibility to frost
(e.g., Larsen 1978; Schmiedel 1981; Braun and Wolf
2001), only a few of the Austrian sites analyzed in this
study did suffer severe losses due to frost, while the
overall mean survival rate was high (~ 74%, Fig. 2).
This difference between several experimental studies
and our field observations might be explained by the
used methodologies: most contemporary studies exam-
ined the frost damage on plant tissues in controlled
environments, which allows only a relative comparison
of frost damages in the observed plant tissues and not
an exact measure of mortality under field conditions.
Moreover, controlled environments such as programma-
ble freezers do not account for other factors such as
shade, competition, and snow cover which modulates
the sensitivity and amount of frost damage on exposed
plant tissues (St Clair 2006; Bansal et al. 2015).
Another reason may be that our trials might not have
experienced extreme frost events during juvenile growth
in such a magnitude that can cause severe mortality.
Predicting occurrence of frost event is difficult and
models predicting the response of the plants to frost
with available gridded long-term average climate data
may not be adequate (Bansal et al. 2015). In this study,
we have used observed daily climate data to compute
the biologically relevant frost climate variables that re-
flect weather conditions of and preceding frost events.

The trials used in the study cover a wide range of
climatic conditions with some trials in the continental
east of Austria. Here, they grow under climate condi-
tions which are expected to be more frequent also in

other locations in the near future (Kapeller et al.
2012). The high overall survival rate in the Austrian
sites (Fig. 2), reveal that the provenances commonly
planted in Austria and originating predominantly from
the Cascades and coastal regions of Western North
America (Fig. 1.B) are resilient enough to the frost
events experienced till now and also likely in the future.
The cascade and coastal provenances were also found to
have superior productivity across a wide range of plant-
ing conditions and are expected to be the most produc-
tive in climate change across many regions in Europe
(Chakraborty et al. 2015; Chakraborty et al. 2016).
Genetic variation in frost damage and resistance have
been studied extensively in North America (Emerson
et al. 2006; St Clair 2006; Bansal et al. 2015) but rarely
in Europe (but see; Lavadinović et al. 2013; Malmqvist
et al. 2017). Phenology plays an important role in ge-
netic variation in frost tolerance in temperate plants
(Cooper et al. 2019). Interior provenances are likely to
have less resistance against late frost in spring because
they flush earlier than coastal provenances (St Clair
2006; Wolf 2012; Lavadinović et al. 2013; Bansal
et al. 2015; Malmqvist et al. 2017). Coastal prove-
nances, however, may exhibit higher sensitivity to early
frost events in autumn because they need longer time
for bud set and hardening (Aitken et al. 1996;
Lavadinović et al. 2013; Malmqvist et al. 2017). We,
however, did not find any evidence to this difference
in spring and autumn frost sensitivity among Douglas-
fir provenances in our study, probably, because both
early and late frost events play an equally important
role in our regions. More precise phenological records
will be required to test for the influence of phenology
on intraspecific variation in frost tolerance. The weak
influence of the random effects such as planting loca-
tions and provenance origin (Table 2), however, shows
that our findings do not necessarily suffer from a lack
of information on phenology. Our results are also con-
trary to the existing belief and some experimental evi-
dence of higher frost damage in coastal and Cascade
provenance of Douglas-fir if compared to the interior
provenances (St Clair 2006; Bansal et al. 2015;
Malmqvist et al. 2017) as we did not find a significant
difference in survival rate between any of the prove-
nance origin attributes except for altitude (Table 2,
Fig. 4). Although this could be caused by the missing
information on the exact reason for tree mortality, we
believe that the relatively high goodness of fit of 59%
to 64% (Tables 2 and 3) and the negligible role of the
random effects in the GLMM (Table 2) allows assigning
a majority of the variation in survival to the occurrence
of frost events and altitudinal level of seed provenance
origin. Provenances originating from an altitude between

�Fig. 6 Locations of seed origin and mean survival of the tested
provenances of Douglas-fir as calculated across all Austrian test sites.
The provenances which ranked among top three in survival rate in
Austria are depicted as black squares. In most sites in Austria, prove-
nances from the Cascade region of Washington and Oregon ranked high
in survival except for a few sites in the continental East of Austria where
provenances from interior British Columbia were also among the top
survivors. Top surviving provenances were mainly from an altitudinal
range of 500–1400 m asl
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500 and 1400 m were found to have optimum survival
at majority of the trial locations (Fig. 4). However, care
should be taken when transferring our conclusions to
northern Europe or to the species native range in
North America itself, as within these regions stronger
evidence for provenance-specific frost sensitivity is doc-
umented (Bansal et al. 2015; Malmqvist et al. 2017),
probably due to additional interaction between phenolo-
gy, temperature development and photoperiod, which is
less important in more southern Central Europe.

The study generates valuable evidence for adapting
forests to climate change, especially for assisted migra-
tion whereby populations are facilitated to move to
warmer locations in order to avoid likely maladaptation
due to climate change. Our study shows that moving
populations from colder North America to comparatively
warmer Europe might expose the populations to frost
risks especially in continental sites, a concern shared
by many studies (Aitken and Whitlock 2013; Benito-
Garzón et al. 2013; Schreiber et al. 2013; Aitken and
Bemmels 2015; Bansal et al. 2015; Montwé et al.
2018). These risks can be avoided by careful selection
of planting sites, site preparation, and to some extent by
provenance selection especially selecting provenances
from an altitudinal range of 500–1400 m. The relatively
weak effect of provenance origin on frost tolerance and

high mean survival rate of juvenile Douglas-fir may
also indicate that Douglas-fir planted in Austria is
adapted to the site-specific early and late frost events
experienced till now. Therefore, the selection of the
right planting material does not need to consider trade-
offs between frost tolerance and productivity because,
under Austrian planting conditions, provenances from
mid-elevation of the Cascades which are known to have
superior productivity also show considerably high frost
tolerance making Douglas-fir a suitable alternative tree
species under climate change.
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Fig. 7 Provenance clusters. The
provenances planted in the
Austrian trials were clustered into
three provenance or seed origin
attributes based on A variety of
Douglas-fir, B altitude of
provenance origin, C climate of
provenance origin. The climatic
cluster was based on PCA of all
the 20 bioclimatic variables (see
Table 1) of provenance origin and
thereafter K-means clustering of
the first three principal compo-
nents into four groups

Annex

100 Page 12 of 16 Annals of Forest Science (2019) 76: 100

https://doi.org/10.6084/m9.figshare.6632999.v2
https://doi.org/10.6084/m9.figshare.6632999.v2


Early/autumn frost

Late /spring frost Early/autumn frost
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Fig. 8 Schematic example of the frost variables in a year over 10 years of
inventory period. All variables were calculated with respect to an
inventory period which refers time from to trial establishment till trial
inventory at trial age of 10 years. Inventory period different in each trial
because of their establishment dates. This is demonstrated as an example
of a few late frost variables as given below. Late frost months =May and
June. Early frost months = July to Sep. LF1 =Number of days with late
frost events in the inventory period. There are 3 days with Tmin < 0 °C, so

LF1 = 3. LF3 =Absolute minimum temperature of late frost events within
the inventory period. 29 May has the lowest Tmin of − 4 °C, so LF3 = −
4 °C. LF4 =Mean temperature of the day onwhich the absoluteminimum
temperature (LF3) in the inventory period occurred. Tmean on 29 May is
1 °C, therefore LF4 = 1 °C. LF5 =Maximum number of late frost events
within a single year of the inventory period, e.g., if two events occurred in
1966 (− 0.7, − 1.2) and one in 1969 (− 3.4) than LF5 = 2
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