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Intraspecific genetic variation in drought response is expected to play an important role

in determining the persistence of tree populations in global change as it (1) allows for

spontaneous selection and local adaptation of tree populations, (2) supports assisted

seed transfer of less-drought-sensitive provenance, and (3) enables the integration of

drought-sensitivity traits into tree breeding. Estimating the potential of such adaptation

options requires quantitative genetic knowledge of drought sensitivity across significant

parts of species distributions and a comparative assessment of genetic variation

within economically and ecologically important tree species. We quantified genetic

variation within and among populations of four conifers growing within common garden

experiments in the drought-prone eastern Austria. This region experienced three strong

drought periods between 1980 and 2010 that resulted in significant reductions in radial

growth. Among the four tested species, Douglas-fir revealed the highest resistance

during drought and silver fir the best recovery after drought, while European larch and

Norway spruce showed the lowest resistance. High genetic variation among populations

and phenotypic stability across all three drought events was found for Norway spruce and

silver fir, but not for the other species. Heritability and evolvability of drought traits, both

approximated via genetic repeatability, revealed strong differences among populations

of all four species. Repeatability and evolvability for resistance were highest in Norway

spruce and, for recovery, highest in European larch. Our comparison indicates that the

mean drought sensitivity of a species is not related to the intraspecific genetic variation in

drought response. Thus, also highly drought-sensitive species, such as Norway spruce

and European larch, harbor significant genetic variation in drought response within and

among populations to justify targeted tree breeding, assisted gene flow, and supportive

forest management to foster local adaptations to future conditions.
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INTRODUCTION

Increasing severity, duration, and higher frequency of drought
events were identified as important consequences of climate
change (Dai, 2014; Haslinger et al., 2016) and having a significant
impact on forest ecosystems and the various services they provide
(Allen et al., 2010). The reaction of trees includes short- and
long-term growth reductions (Sarris et al., 2007), lower-tree vigor
(Camarero et al., 2015), and reduced defense against insects
and fungi (Cech and Tomiczek, 1996; Wermelinger et al., 2008)
and, hence, higher tree mortality (Sala et al., 2010). Moreover,
the observed increase of tree mortality and forest dieback as
consequences of large-scale drought periods worldwide raised
concerns about the role of forests as a carbon sink and the risks
of positive feedback to rising CO2 concentrations (Breshears and
Allen, 2002; Kurz et al., 2008).

To predict future tree mortality and the carbon balance
of forest ecosystems as well as to develop management
strategies that cope with frequent drought occurrence, a better
understanding is needed (1) of the physiological limits and traits
connected to drought tolerance of individual trees (Sohn et al.,
2013; Bennett et al., 2015; Trujillo-Moya et al., 2018), (2) of
the genetic diversity of traits related to drought resistance and
avoidance, (3) of local adaptations and the adaptive capacity
of single populations, for example, growing at marginal sites
(Stojnic et al., 2018), and (4) water use strategies and hydraulic
niches of tree species (Choat et al., 2012; Hochberg et al., 2018).

Short- and mid-term consequences of drought-induced
mortality in climate change were suggested to be mitigated by
planting more resistant tree species (Broadmeadow et al., 2005;
Jandl et al., 2015) or management activities that foster tree vigor
and drought tolerance (Sohn et al., 2016; Bradford and Bell,
2017). However, the long-term fate of forest tree populations
depends, to a large degree, on their phenotypic plasticity and
adaptive capacity to deal with the changing environmental
conditions. These may include, for example, local adaptations
available within marginal populations (Rose et al., 2009; Aranda
et al., 2015), rare alleles associated with specific resistance traits
(Thoen et al., 2017), or standing genetic variation (Barrett and
Schluter, 2008; Fady et al., 2016).

A management concept to deal with the vulnerability of
endangered populations at the warm temperature edge of species
ranges and the planting of seed sources better adapted to
future conditions is assisted gene flow (Aitken and Bemmels,
2016), often more generally termed as “assisted population
migration.” In this concept, adaptive clines across a species
range or populations with particular adaptive traits are being
identified and transferred to promote the adaption of forest
ecosystems to the new climate conditions. A precondition for
such management is a decent knowledge of adaptive clines
and the multiple traits that underlie local adaptations to
climate conditions (Chevin et al., 2013). The sensitivity of
tree growth to drought events was found to be related to
future tree mortality (Cailleret et al., 2019; DeSoto et al., 2020)
and might thus be used as an indicator for vigorous tree
populations and individuals and as a trait to select future seed
material. However, drought sensitivity might be based on various

molecular (Trujillo-Moya et al., 2018), morphological (Rosner
et al., 2014), or physiological characteristics (Martin-St. Paul
et al., 2017), and the complexity of drought reaction challenges
simple recommendations for assisted gene flow in trees (Isaac-
Renton et al., 2018).

Another option to improve the resilience of forests to extreme
drought conditions is the integration of drought sensitivity as an
adaptive trait within ongoing tree improvement programs. So far,
tree breeding in temperate and boreal conifers mainly considered
productivity traits such as height growth, volume production,
and stem characteristics or adaptive traits related to growth in
cold environments, including frost hardiness, bud burst, or bud
set (Hannerz et al., 1999). For such traits, detailed knowledge of
quantitative genetic variation within and between populations,
as well as genetic correlations among traits, is well-established
(Howe et al., 2003; St. Clair, 2006) and integrated into ongoing
tree improvement and assisted gene flow programs (Aitken and
Hannerz, 2001; Hannerz and Ericsson, 2007; Berlin et al., 2016).

In the present study, we aim at testing for quantitative genetic
variation in drought response among and within populations of
four important conifers. Three species, Norway spruce (Picea
abies [L.] Karst.), silver fir (Abies albaMill.), and European larch
(Larix deciduaMill.), are native to Central Europe and represent
a major part of conifer forests in Alpine, temperate and boreal
forest. In addition, Douglas-fir (Pseudotsuga menziesii [Mirbel]
Franco), the most widespread non-native conifer planted in
Europe, is considered an alternative tree species providing
high productivity and resilience to climate change (Chakraborty
et al., 2016). Genetic variation among populations is required
to develop recommendations for assisted migration and gene
flow, whereas genetic variation within populations is required
for management-facilitated adaptation and tree breeding. Using
provenance trials growing in the drought-prone East of Austria,
we analyzed the effects of consecutive severe drought periods on
individual tree growth, resistance, and recovery from drought.
This allowed us to estimate the stability of drought reaction
of different populations, i.e., the growth response of individual
trees and populations during and after consecutive drought
periods, the degree of genetic determination, and the ability of
populations and species to respond to natural selection, termed
as “evolvability.”

MATERIALS AND METHODS

Trial Sites, Plant Material, and Sampling
The trial sites of the four species are located at low elevations
(250–330m a.s.l.) in the Northeast of Austria. This region is
characterized by high temperatures (8.9–9.6◦C mean annual
temperature, MAT), low precipitation (504 to 612 mm annual
precipitation sum, APS), and long-lasting drought periods (e.g.,
Auer et al., 2005; Efthymiadis et al., 2006; Nobilis and Godina,
2006), conditions under which coniferous trees in Central Europe
do not regularly occur (Table 1). In fact, the trial sites are located
very close to the warm and dry distribution limit of P. abies,
A. alba, and L. decidua, while, for P. menziesii, it is still within
the warmest quarter of distribution (Figure 1). All four trials
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TABLE 1 | Trial sites and basic climate descriptors of trial sites in Eastern Austria.

Treespecies Site Latitude Longitude Altitude (m) Establishment year Plant spacing MAT (◦C) APS (mm/year)

Norway spruce Porrau 48.548 16.171 250 1978 1.8 × 1.5m 9.1 524

Douglas-fir Traismauer 48.333 15.777 320 1976 2.0 × 2.0m 8.9 580

Silver fir Knödelhütte 48.218 16.241 300 1970 0.5 × 1.0m 9.6 621

European larch Zlabern 48.724 16.540 330 1978 2.0 × 2.0m 9.4 504

Climate data were calculated from station data according to Chakraborty et al. (2015). MAT, mean annual temperature (1971–2000); APS, annual precipitation sum (1971–2000).

FIGURE 1 | Climatic origin of the tested provenances and the four trial sites in relation to the overall climate niche of the respective conifers. Species occurrences were

obtained from the ICP Forest Program Level 1 for the three European species and from Schroeder et al. (2010) for Douglas-fir. Climate data of species occurrences

and provenance origin are based upon WorldClim climate data (Hijmans et al., 2005), whereas the trial site climate represents the mean climate from 1961 to 2011.

were established in the 1970s with 3- to 4-year-old seedlings in
randomized block designs (see Table 1 for further details).

Provenances of the three European species originate from
habitats within a narrow precipitation range of approximately
600–1,400mm per year, while provenance of Douglas-fir
originates from sites receiving between 500 and 2,300-mm
precipitation/year (Figure 1). Douglas fir provenance also
originates from the coldest sites (MATmin = 0.3◦C), while
provenance of silver fir originates from the warmest (MATmax

= 15.7◦C).
For the analysis of the present study, 9–16 provenances per

species were selected, representing the distribution of the species
as wide as possible (Supplementary Figure 1). From each of the
selected provenances, on average, 16 trees were sampled by taking
two increment cores at breast height (Supplementary Table 1).

Sample Processing
Tree cores were cut into cross sections of approximately 1.4mm
with a double-blade circular saw. These cross sections were
placed on microfilms and exposed to a 10-kV (24mA) X-ray

source for 25min. The obtained microfilms were analyzed with
WinDENDRO 2009 (Regent Instrument, Quebec, CAN), and
ring widths for each year were measured to the nearest 0.001mm.
In order to obtain the climatic and genetic variance and to reduce
non-climatic noise (e.g., from reaction wood), values from the
two cores of the same tree were averaged. Data were converted
into single-tree time series andmean chronologies, using the dplr
package in R (R Development Core Team, 2008; Bunn, 2010).

Identification of Drought Events
Drought periods with consequences for tree growth within
the last three decades were identified by the standardized
precipitation index SPI according to McKee et al. (1993). The
SPI relates the precipitation deficit or surplus during a certain
time period to the mean and standard deviation of precipitation
throughout the time series. Although the SPI is based onmonthly
precipitation time series (in our case, from 1970 to 2010), it
can be used to identify drought on time scales of 1–48 months
and thus allows to differentiate between frequently occurring
short droughts and rare, long-enduring events. To account for
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droughts on all possible time scales, the software SPI SL 6
(NDMC, 2014) was applied to calculate the SPI for periods of 1,
3, 6, 12, 24, as well as 48 months. Climate data were obtained
from the four nearest weather stations of the Austrian Central
Station for Meteorology and Geodynamic (ZAMG) network and
interpolated by inverse distance-weighted interpolation to the
coordinates of the site (described in Chakraborty et al., 2015).

All four trial sites experienced several moderate (SPI <

−1), severe (SPI < −1.5), and extreme (SPI < −2) drought
events between 1981 and 2007 (Figure 2). The most remarkable
droughts occurred in the early 1990s, i.e., the years 1992 and
1993, in 2000, and in 2003, when SPI < −1.5 was observed at
all sites n monthly and/or three-monthly time periods. These
drought periods resulted in noticeable declines of increment for
all species and were thus selected for comparative analysis. All
sites experienced droughts in 1992 and 1993, but only at the trial
site of European larch; drought in 1992 was more intense than
in 1993, causing the greatest growth decline 1 year ahead of the
other three species. Generally, the coincidence of drought events
across sites was high as demonstrated by correlations between
R = 0.75 and R = 0.94 among the SPI time series of the trials
(Supplementary Table 2).

Characterization of Drought Response
The performance of individual trees during drought events was
evaluated by two measures of drought response according to
Lloret et al. (2011): resistance and recovery. Resistance (Res)
characterizes how much a tree is reducing its incremental
growth during drought and is calculated by the ratio of the
annual increment during drought (Idr) to the average growth
performance across a time period of 9 years (I9yr), with the
drought event in the central year by Res = Idr/I9yr. A 9-year
average as reference radial growth was used to overcome year-to-
year growth variation and the consecutive occurrence of drought
within few years. Here, trees with a Res = 1 do not show
any deviance from the 9-year mean and decreasing values of
Res stand for increasing drought sensitivity. Recovery (Rec) is
calculated by the ratio (Rec = Ipostdr/Idr) of the mean annual
increment across the 2 years, following a drought year (Ipostdr),
to the increment during a drought event (Idr), and describes
how fast a tree is able to recreate after a certain drought period.
Higher recovery stands for faster revitalization. The two drought-
response measures were calculated from raw, untransformed
ring-width series of each tree, because the biological age-related
growth decrease can be neglected within the relatively short time
frame of each individual drought event and the comparable age of
the trees at trial sites (Pretzsch et al., 2013). Also, transformations
into the widely used basal area increment were unsuitable as any
change of dimensionality of the measured traits affects the trait
variances and thus the estimates of variance components and
genetic parameters (Houle, 1992).

Statistical Analysis
Variation Among Species
To test for differences in resistance and recovery among species
and among different drought events, a two-way ANOVA was
used, where tree species and a drought year were treated as

independent effects, allowing for interaction between species
and drought.

Variation and Stability Among Provenances
In order to reveal differences among provenances and different
drought years, we performed a repeated measure ANOVA for
each single species. Here, single trees were treated as random
effects and “provenance” and a “drought event” as fixed between-
group variables according to Moser et al. (1990): yi = µ + εi,
where yi represents the ith-repeated measurement of drought
response made on the same tree, µ the vector of means for
each provenance/drought event combination, and εi the vector
of random errors of measurements made on the same tree. This
multivariate approach reduces potential biases caused by carry-
over effects from previous drought events (Moser et al., 1990).
Between-group variables and their interactions were included
stepwise and compared with a baseline model without other
predictors than the intercept. The Akaike information criterion
(AIC) and the log likelihood and the likelihood ratio were used
for model evaluation. These steps were performed in the nlme
package in R (R Development Core Team, 2008) for linear
mixed-effects models.

To quantify the stability of provenances across consecutive
drought events, we determined the phenotypic stability of each
individual provenance throughout the observed drought events
according to Finlay and Wilkinson (1963). Therefore, the mean
drought response (for Res and Rec) of all provenances within
each single drought period was calculated to provide a baseline
for drought response in relation to the respective drought
intensity or duration, respectively. Then, the performance of
a single provenance was linearly regressed to the mean of all
provenances, and the regression coefficient b was estimated.
Provenances characterized by regression coefficients around b
≈ 1 show average stability with low resistance if the mean
of all provenances is poor, and high resistance if the mean
response is high. Provenances with b > 1 show above-average
resistance when the mean resistance is high, but below-average
resistance when mean resistance is low. Given that lower average
resistance can be found under more extreme drought events,
such provenances, therefore, show low stability and increasing
sensitivity to environmental stress. Provenances with b < 1 show
above-average resistance if the mean of all provenances is poor
(i.e., under stronger drought) and below-average resistance if
mean resistance is high. Such provenances show above-average
stability and high resistance to extreme drought events.

In order to compare stability across species, we calculated
the absolute value of the provenance deviation from 1
for each provenance and averaged them up across species:

bdev =
∣

∣1− bn
∣

∣. Moreover, the average instability for each species

was computed by bist = bn for all provenances n with b > 1.

Degree of Genetic Determination and Evolvability of

Provenances
The degree of genetic determination was estimated by the
repeatability of the two drought-response measures, i.e., by
the repeated occurrence of drought events at our trial site
and individual reactions of the trees to these drought events.
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FIGURE 2 | Drought occurrence and resulting increment declines on four conifer trial sites in the Northeast of Austria. The bars show the standardized precipitation

index SPI (given in standard deviations) on time scales of 1 (SPI-1) and 3 (SPI-3) months. The line plots illustrate the course of an annual increment (as a dimensionless

ring-width index). Frames mark the most significant and common drought periods that are used for comparison among trials and species.

Repeatability r gives the proportion of total variation of a
certain trait that is due to differences between individuals.
It is related to the heritability in the narrow sense, as the
additive genetic variance VA, the numerator of heritability,
can never be larger than the numerator of the repeatability
VG + VEG (Falconer and Mackay, 1996) within its theoretical

formulation: r = VG+ VEG
VP

. Here, VG is the genotypic variance;
VEG , the general environmental variance; and Vp, the total
phenotypic variance. Thus, repeatability r determines the upper
limit of heritability of the given trait (Boake, 1989; Merilä
and Sheldon, 2000, but see Dohm, 2002). The repeatability r
can be calculated by the ratio of the among-group variance
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σ
2
A to the total phenotypic variance σ

2
P , where σ

2
P is the sum

of among and within-group variance σ
2
W according to Sokal

and Rohlf (1995): r =
σ
2
A

(σ 2
A+σ

2
W )

. Both, the among-group

variance σ
2
A and the within-group variance σ

2
W were estimated

using restricted maximum-likelihood estimation (REML) in
the software ASReml (Gilmour et al., 2009). For these
calculations, drought-response indices were standardized and
log-transformed to achieve a normal-like distribution (Nakagawa
and Schielzeth, 2010).

By assuming equal selection pressures across all provenances
of a species, the overall repeatability of the respective species
was estimated, using a mixed-effect model with individual
trees and provenances as random effects. Moreover, we
calculated provenance-specific repeatability in univariate mixed-
effect models with individual trees as a single random effect.
These later models allow for comparing repeatability among
provenances under the assumption that the environmental origin
of the provenances resulted in different selection pressures on
drought response. Repeatabilities and their standard errors were
calculated with the postprocessing module of ASReml (Gilmour
et al., 2009).

Another meaningful measure of the quantitative genetic
variation within populations is evolvability, an indicator for its
ability to respond to natural or sexual selection (Houle, 1992;
Garcia-Gonzales et al., 2012). A relevant measure for evolvability
is the dimensionless coefficient of additive genetic variation CVA,
which—because it is standardized by the trait mean—allows
comparing the evolvability of traits, species, and populations.
In our case, repeatability r corresponds to the upper limit of
heritability h2max, within a provenance and is used to calculate
the potential additive genetic variation VA = h2max ∗ VP. The
coefficient of additive genetic variation—now, the upper limit

of evolvability is then calculated by CVA = 100 ∗

√

VA

X
(Houle,

1992), with X being the provenance mean of resistance and
recovery, respectively.

RESULTS

Variation Among Species
Significant differences in drought response were found among
species as well as among drought periods for both response
measures (Table 2). Across all drought periods, Douglas-firs
revealed the highest resistance followed by silver fir, European
larch, and Norway spruce (Figure 3). After a drought, silver
fir was found to exhibit the highest recovery and Douglas-fir
the worst. Due to the strong growth decline of Norway spruce
during drought 2000 (see also Figure 2), the recovery of this
species after 2003 (striped bar in Figure 3) is biased and likely
overestimates the species potential as recovery after 1993 and
2000 was much lower.

Variation and Stability Among Provenances
The analysis of the intraspecific variation of drought response
confirmed the significant effect of drought events, as it was
found to be a significant factor in the repeated measure

TABLE 2 | ANOVA for comparison of drought response among tree species and

drought years.

Response variable

and factor

Resistance Recovery

dF F p F p

Species 3 479.64 <0.005 178.29 <0.005

Drought year 2 49.41 <0.005 151.69 <0.005

Species × Drought

year

6 27.30 <0.005 139.78 <0.005

ANOVA for all four species (Table 3). In addition, significant
provenance variation was found for resistance and recovery in
Norway spruce and silver fir. Differences among provenances
of European larch and Douglas fir were smaller and neither
significant for resistance nor for recovery. However, for all
four species, we found significant interactions between drought
events and provenances, indicating that rank shifts occur among
provenances (Table 3). This is also supported by the huge
variation in phenotypic stability found among provenances and
species (Table 4, Figure 4). Highest stability was found for
provenances of Norway spruce, where all provenances exhibit
moderate values of Finlay and Wilkinson (1963) b, ranging from
stable (b = 0.7) to slightly unstable (b = 1.4) and resulting into
an average deviation from the population mean of bdev = 0.22
for Res and 0.13 for Rec. European larch exhibits similar stability
across provenances for Res (bdev = 0.23), but not for Rec (bdev
= 0.70) where b ranges from −1 to 2.6 (Figure 4). In contrast,
provenances of Douglas fir and, to a lesser degree, of silver fir did
show markedly lower stability across drought periods (Table 4,
Figure 4).

Degree of Genetic Determination and
Evolvability of Provenances
Differences in the degree of genetic determination of drought
response were found among species and among provenances.
Calculating repeatability across provenances revealed significant
repeatabilities between 0.11 and 0.18 only for Norway spruce
and European larch (Table 5). When we supposed varying
selection regimes in the provenance origin and applied
univariate mixed-effect models for each individual provenance,
we observed high variation in repeatabilities among provenances
(Table 5, Supplementary Tables 3–6). Within every species,
some provenances did not show significant repeatability. For
resistance, the highest number of provenances (55%) with
significant repeatabilities up to 0.44 was found in Norway spruce.
In contrast, none of the Douglas-fir provenances did reveal a
significant degree of genetic determination.

For recovery, the highest number of provenances (63%) with
significant repeatabilities up to 0.43 was found in European
larch. Also, 2 out of 16 provenances of Douglas-fir and 2 of
10 provenances of silver fir revealed significant repeatabilities.
The highest repeatabilities for a single provenance were found in
silver fir (Supplementary Tables 3–6).
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FIGURE 3 | Comparison of drought response of four conifers across three severe drought periods as given by Resistance (Res) and Recovery (Rec). Bar plots

represent the mean values of all individuals of a certain species; whiskers give the standard error. The striped bar marks a biased estimate of recovery due to the short

time interval of subsequent drought events. AA, Abies alba; PA, Picea abies; LD, Larix decidua; PM, Pseudotsuga menziesii. Lower case letters a, b, c, and d mark

significant differences determined in pairwise post-hoc tests.

TABLE 3 | Variation among provenances and drought years for individual species as revealed by repeated measure ANOVA.

Resistance Recovery

Model df AIC logLik L. Ratio p-Value AIC logLik L. Ratio p-Value

A.alba Intercept 1 3 −342.13 174.07 527.29 −260.65

Drought 2 5 −349.30 179.65 11.17 0.0038 523.26 −256.63 8.04 0.0180

Provenance 3 15 −349.85 189.92 20.55 0.0245 513.44 −241.72 29.82 0.0009

Drought × Provenance 4 35 −342.64 206.32 32.79 0.0356 515.66 −222.83 37.78 0.0094

P. abies Intercept 1 3 −792.10 399.06 3,008.26 −1,501.13

Drought 2 5 −1,008.26 509.13 220.16 <0.0001 2,303.09 −1,146.55 709.17 <0.0001

Provenance 3 15 −1,011.44 520.72 23.18 0.0101 2,295.41 −1,132.70 27.68 0.0020

Drought × Provenance 4 35 −1,023.10 546.55 51.66 0.0001 2,298.10 −1,114.05 37.31 0.0108

L.decidua Intercept 1 3 −135.95 70.98 676.30 −335.15

Drought 2 5 −203.21 106.60 71.26 <0.0001 655.82 −322.91 24.47 <0.0001

Provenance 3 12 −193.10 108.55 3.89 0.7920 659.81 −317.90 10.02 0.1877

Drought × Provenance 4 26 −207.06 129.53 41.96 0.0001 648.66 −298.33 39.15 0.0003

P. menziesii Intercept 1 3 −555.31 280.66 41.42 −17.71

Drought 2 5 −558.28 284.14 6.97 0.0307 25.77 −7.88 19.65 0.0001

Provenance 3 20 −550.97 295.48 22.69 0.0910 38.06 0.97 17.71 0.2782

Drought × Provenance 4 50 −598.42 349.21 107.45 <0.0001 35.81 32.09 62.25 0.0005

Bold numbers show significant effects.

The coefficient of additive genetic variation CVA confirmed
the lower evolvability of Douglas-fir populations in terms of
drought resistance, but not of drought recovery (Figure 5).
Generally, both the degree of genetic determination and CVA

were higher across provenances of spruce and larch and lowest,
respectively, zero for provenances of Douglas-fir (Figure 6).

DISCUSSION

Intraspecific variation in drought response of forest trees is a key
determinant for understanding and managing the fate of forest
ecosystems in climate change. Our analysis strongly suggests that
the general vulnerability of a tree species to drought might not
necessarily be connected to intraspecific genetic variation and
evolvability in drought response.

Interspecific Variation in Drought
Response
The general ability of species to cope with drought revealed
the highest resistance for Douglas-fir and the lowest resistance
for Norway spruce. Drought recovery was highest for a silver
fir, followed by larch and Norway spruce. This is in good
agreement with similar studies across Europe. A comparison
of drought response in Austrian pine (P. nigra), Scots pine
(P. sylvestris), Douglas-fir, and European larch in Switzerland
revealed the highest sensitivity for larch, while Douglas fir
showed only modest growth reductions and better recovery
(Eilmann and Rigling, 2012). More comprehensive Swiss studies
(Lévesque et al., 2013, 2014) confirmed that, besides larch, also
Norway spruce and Scots pine are highly drought sensitive,
especially when growing close to their xeric distribution limit.
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Also, Zang et al. (2014) and Vitali et al. (2017) confirmed
the weak performance of Norway spruce, which showed the
lowest resistance and resilience as compared with silver fir
and Douglas-fir.

Genetic Variation in Drought Response
Among Provenances
The good agreement of our among-species comparison to other
European studies supports the suitability of our provenance trial
network to infer also the genetic variation among and within
the tested provenances. However, our provenance sampling was
biased by the availability of populations within the existing trials,
which do not necessarily encompass the full representativity
of the species, subspecies, or local adaptations within the
species. We found significant variation in drought resistance and
recovery among provenances of silver fir and Norway spruce,
but not among provenances of European larch and Douglas
fir. Although there is, so far, no study comparing among-
provenance variation across species, a handful of single species
studies confirm the observed differences. Most comprehensive
among-provenance data are, so far, available for Douglas-fir,
providing ambiguous findings of its genetic variation in drought
response. On the one hand, trade-offs between productivity and
drought tolerance have been foundwhen comparing provenances
growing within trials located in western Europe (Eilmann et al.,
2013) and western North America (Montwe et al., 2015). On the
other hand, statistical support for differences among provenances
in drought response of early and latewood increment (Eilmann
et al., 2013) and resistance of diameter growth (Montwe et al.,
2015) is weak in both experiments, confirming the low among-
provenance variation found in our continental test site. However,
while the immediate radial increment during a drought might
not differ among Douglas-fir provenances, studies on other
traits such as wood density suggest that wood density profiles
or intra-annual density fluctuations could be more valuable
traits for selecting drought-resistant provenances and individuals
(Martinez-Meier et al., 2008a,b; George et al., 2019).

In contrast to Douglas-fir, comparable studies in European
conifers are rare. For European larch, only one single study tested
for differences in drought response so far (George et al., 2017)
and detected significant differences among provenances within
a 50-year-old experiment. This trial contained international
provenances across huge parts of the natural larch distribution,
whereas the geographic coverage of seed sources in the present
study is smaller, representing only the eastern Alpine range of the
species. Thus, it seems likely that provenances of this area are not
sufficiently differentiated, because George et al. (2017) observed
that, particularly, provenances from the Polish lowlands—not
represented here—showed the best drought performance.

Also, for Norway spruce, the economically most important
and most widespread conifer of Central and Northern Europe,
the genetic variation in drought sensitivity among provenances,
has rarely been addressed. An early study on 17 Polish
provenances (Burczyk and Giertych, 1991) did not detect
differences, probably because the provenances originate from
a limited geographic region where only one phylogeographic

TABLE 4 | Average phenotypic stability of provenances throughout the observed

drought events as revealed by Spearman’s rank correlations Rs and Finlay and

Wilkinson (1963) regression, where bdev is the mean deviation of all provenances

from the species mean and bist, the mean deviation of all instable provenances

from the species mean.

Resistance Recovery

bdev bist bdev bist

A. alba 0.62 0.31 1.06 0.53

P. abies 0.22 0.11 0.13 0.06

L. decidua 0.23 0.12 0.70 0.35

P. menziesii 1.53 0.76 1.06 0.53

lineage occurred. In the current study, genetic material from a
broader geographic range has been tested, including provenances
of the western Carpathian Mountains, the Bohemian massif, the
eastern Alpine range, and the Rhodope Mountains (Trujillo-
Moya et al., 2018). This region harbors high genetic diversity
due to multiple refugial areas and postglacial migration history
(Tollefsrud et al., 2008; Mihai et al., 2020). Besides testing for
immediate effects of extreme drought on radial growth, further
studies on Norway spruce found significant provenance variation
of the long-term growth reactions to climate parameters (i.e.,
Suvanto et al., 2016; Klisz et al., 2019) or different physiological
strategies of seedlings to cope with water limitations (Jamnická
et al., 2019).

Evidence for genetic variation of climate-growth response
within silver fir comes from dendroecological analysis
throughout the Carpathian Mountains, demonstrating that
radial growth within populations originating from Apennine
origin, is more strongly driven by summer temperatures, whereas
the increment of Balkan populations is more driven by summer
drought (Bosela et al., 2016). Generally, genetic variation in
the growth of silver fir seems to be driven by both postglacial
recolonization and natural selection (Martínez-Sancho et al.,
2021). Also, a more comprehensive analysis of the present
silver fir trial across six drought periods between 1986 and 2007
revealed significant differences among provenances within three
of these events (George et al., 2015) but also found frequent rank
changes in the drought performance of individual provenances.
In our comparison, silver fir provenances were found to have
relatively low phenotypic stability across consecutive drought
periods when compared with European larch and Norway spruce
(Table 3). Thus, superior provenances within one drought period
were not necessarily performing well during another period, a
behavior that has been connected to the seasonal appearance
of the respective drought event and possible interactions
with phenological changes as, for example, bud burst, the
start of radial growth or the growth transition from early to
latewood (George et al., 2015, 2019). In contrast, provenances
of Norway spruce and larch seem to be rather insensitive to
the seasonality of drought occurrence and show comparable
genetic variation across all events, thus facilitating the selection
of drought-adapted provenances for assisted seed transfer.
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FIGURE 4 | Phenotypic stability of provenances throughout the three drought events according to Finlay and Wilkinson (1963). Dashed lines indicate the average

stability. Provenances with high stability show slopes (regression coefficients) <1, whereas slopes >1 stand for instable provenances. Upper row: Resistance, Res;

lower row: recovery, Rec. AA, Abies alba; PA, Picea abies; LD, Larix decidua; PM, Pseudotsuga menziesii.

TABLE 5 | Repeatability of resistance and recovery as estimated by the repeatability of drought response across drought events.

Resistance Recovery

rsp np rprange rpmean rsp np rprange rpmean

A. alba 0.037 ± 0.055 2 of 10 (20%) 0–0.468 0.357 0.012 ± 0.052 2 of 10 (20%) 0–0.527 0.4415

P. abies 0.129 ± 0.035 6 of 11 (55%) 0–0.440 0.335 0.182 ± 0.036 5 of 11 (45%) 0–0.324 0.247

L. decidua 0.112 ± 0.059 3 of 8 (38%) 0–0.319 0.271 0.161 ± 0.061 5 of 8 (63%) 0–0.425 0.3118

P. menziesii 0.000 ± 0.000 0 of 16 (0%) – – 0.000 ± 0.000 2 of 16 (13%) 0–0.236 0.221

rsp, repeatability for species, tested across all provenances by taking provenances into account as random effect. rpmean, mean repeatability of provenances for which significant

provenance-specific repeatability was found. rprange, observed range of provenance-specific repeatabilities. np, number (and frequency) of provenances with significant repeatabilities

among all analyzed provenances of a species. Bold numbers show significant repeatabilities.

Genetic Variation in Drought Response
Among Individuals
Besides among-provenance variation, we also found significant
genetic variation among individuals within some but not all of
the tested provenances. This strongly indicates that selection
regimes in response to drought events likely vary among the
provenance origins of the four tested conifers. The evolutionary
background of this provenance variation is likely related to the
varying climatic origin of the tested provenances (Figure 1) but
may also relate to their phylogeographic origin from different
refugial lineages, which are often shaped by divergent selection
(Chen et al., 2012, 2016).

The observed repeatabilities for different provenances range
from 0.157 (recovery of provenance Q14, Norway spruce) up
to 0.527 (recovery of provenance 90, silver fir). This order of
magnitude resembles estimates of broad-sense heritability of

hydraulic conductivity for Norway spruce, which ranged from
0.14 to 0.31 for different conductivity parameters (Rosner et al.,
2007, 2008). Also, wood density, which was found to be a
strong indicator for drought response (Rosner et al., 2014), shows
heritabilities in the range of 0.10 and 0.41 for Norway spruce
(Rozenberg et al., 2002) or mean values around 0.5 for conifers
in general (Cornelius, 1994). Physiological measures related to
drought response were found to be on a similar medium level as
shown in our comparison, for example, the water use efficiency of
trees as estimated by carbon isotope discrimination δ13 revealed
heritabilities between 0.09 for Pinus taeda (Baltunis et al., 2008),
0.23–0.41 for Pinus pinaster (Marguerit et al., 2014), and 0.54 for
Picea mariana (Johnsen et al., 1999).

Interestingly, Douglas-fir and silver fir, which showed the
highest mean resistance and mean recovery, respectively,
showed the lowest genetic variation among individuals within
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provenances. In Douglas-fir, only two of the 16 Douglas fir
provenances exhibited significant repeatability in recovery and
none for resistance, and, in silver fir, 2 of 10 provenances showed
significant repeatability for resistance and recovery. In contrast,
five and six provenances of Norway spruce, as well as three
and five provenances of larch showed significant repeatability
for resistance and recovery, respectively. These contradictory
findings for Douglas-fir and silver fir could potentially be
explained by too little drought intensity, which might have been
too weak to provoke a genetically driven individual drought
response. Zang et al. (2014) observed comparable drought-
response patterns in different tree species, showing that less
favorable site conditions increased the variability in drought
response among individuals within populations. In Douglas-fir,
a stronger expression of drought resistance was also observed at
experiments within warm and dry environments due to genotype
x environmental interactions (Bansal et al., 2015). Thus, extreme

FIGURE 5 | Evolvability of drought response (resistance and recovery) within

provenances given as an additive genetic coefficient of variation CVA across all

provenances of each species. Whiskers mark the standard error of individual

provenances. AA, Abies alba; PA, Picea abies; LD, Larix decidua; PM,

Pseudotsuga menziesii.

drought conditions close to the species-specific limits might be
required to identify genetic variation.

Another explanation for the low variation within silver fir
populations could be their status as shade-tolerant climax species,
which are most successful within late successional stages of
forest development. These stages are characterized by relatively
good soil conditions and forest regeneration within the shade
of other species. Thus, within its early life stages, in which
intraspecific competition and environmental selection within
populations are most distinct (Kapeller et al., 2017), silver fir
is rarely exposed to direct radiation, extreme heat, and a low
water status. And, hence, we cannot expect that seeds collected
from such populations may contain strong within-population
variation. In contrast, European larch is a light-demanding
pioneer species, in particular when growing within subalpine
environments where shallow soils and high-solar radiation in
the summer months may lead to regular water shortages.
Such environments are expected to favor natural selection and
genetic variation in drought response within forest sites and
populations. Norway spruce and Douglas-fir take intermediate
positions as both grow with a pioneer character in subalpine
environments in potentially drought-prone habitats, while they
also grow as climax species within late successional stages. Thus,
we should expect to find populations with high- and low-
genetic variation in drought response. The distinction between
these species could be the widespread plantation of Norway
spruce in clear-cut systems throughout the last 200 years across
Central Europe. Within such open reforestation, trees more
likely to face environmental selection (Kapeller et al., 2017).
In contrast, the tested Douglas-fir provenances originate from
primary old-growth forests (Kleinschmit and Bastien, 1992),
where putatively environmental selection during juvenile growth
was rather limited. Unfortunately, exact information on the
history and local site conditions of the seed source populations
is mostly not available.

FIGURE 6 | Evolvability of drought response of individual provenances as given by the coefficient of additive genetic variation CVA and the degree of genetic

determination, i.e., the repeatability rP for resistance (Res) and recovery (Rec).
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Direct comparisons of genetic repeatability values with
estimates of heritability should consider that repeatability
represents the upper limit of heritability, and, thus, true
heritability could be lower, but never larger than repeatability.
The same is true for the estimated coefficient of additive genetic
variation, which gives—because it is based on repeatability—
rather the upper limit of evolvability. Evolvability, the ability of a
population to respond to natural selection, shall not be confined
to heritability, which might be uncorrelated to evolvability and
is a poor predictor of response to natural selection (Hansen
et al., 2011). In our analysis, repeatability, and the coefficient
of additive genetic variation provide a comparable ranking
across provenances and species. Future studies should aim at
confirming the quantitative variation by means of molecular
studies testing for traditional sources of variation, such as
DNA mutation and recombination, as well as for nongenetic
mechanisms as, for example, stochastic gene expression or
epigenetic modifications (Payne and Wagner, 2019).

CONCLUSIONS AND APPLICATIONS

The most discussed measures to adapt European forests to
climate change and to withstand more frequent droughts
encompass (i) the replacement of conifers with native deciduous
tree species and species mixtures (Jandl et al., 2015), as well as
(ii) the extended cultivation of non-native trees (Chakraborty
et al., 2015, 2016). However, both measures were also discussed
to have significant impacts on the provision of ecosystem
services, in particular in terms of wood production (Hanewinkel
et al., 2012) and the conservation of native forest biodiversity
(Brundu and Richardson, 2016). Our study provides evidence
that even highly drought-sensitive European conifers, such
as Norway spruce and European larch, provide high-genetic
variation among and within populations in drought response.
Given the high vulnerability of genetic resources in climate
change (Schueler et al., 2014), this genetic variation strongly
needs to be conserved and utilized within active and passive
forest adaptation strategies. Variation among populations should
be utilized by transferring a less-drought-sensitive population
in assisted gene-flow schemes across the natural distribution of
species. Given the limited number of provenances per species
and the exclusive focus on drought sensitivity traits, we cannot
give specific assisted gene-flow guidance yet. This would require
considering multiple traits, including growth, mortality, drought,
and frost performance, for example. Our study also confirms
that single populations of threatened conifers may contain
significant genetic variation in drought response within forest
stands. Although our study, which was restricted to provenances

selected and planted more than 40 years ago, did not allow
a representative comparison of provenances across the full-
species ranges; the observed differences in drought response
among and within provenances provide strong arguments for
the utilization of such genetic variation for forest adaptation
measures. This knowledge should be applied in two ways: first,
conifer breeding programs need to incorporate genetic variation
in drought response as a regular screening trait by installing
greenhouse experiments and field trials in specifically drought
prone environments. Secondly, passive adaptation should be
fostered in existing conifer populations suffering ongoing and
future drought events. Such stands might not completely be
removed and replaced by other tree species, as theymight contain
significant evolvability to adapt to the new conditions.
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